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ABSTRACT
This work describes a study of the mechanism by which a unique 
homogeneous bimetallic hydroformyiation catalyst based on two rhodium metal 
centers chelated and bridged by a special tetraphosphine ligand works via 
bimetallic cooperativity. Hydroformyiation runs on this bimetallic system which 
indicate higher rates of production and higher linear to branched product 
regioselectivity relative to the commercial monometallic Rh/PPh3 catalyst make 
this system a viable candidate for an almost completely new and effective way 
of performing hydroformyiation catalysis. Numerous complexes have been 
characterized by in situ FT-IR and NMR spectroscopic studies, as well as X-ray 
crystallography, and support the presence of dicationic bimetallic complexes as 
the most active hydroformyiation catalyst species. It has been suggested by 
these studies that foe high activity and regioselectivity for this bimetallic 
hydroformyiation catalyst arises from maintenance of foe electrophillicity of the 
rhodium metal centers by the combination of 1) a cationic charge on the metals, 
2) strongly donating phosphine ligands that prevent the cationic hydrides from 
being too acidic, 3) the proper binudeating tetraphosphine ligand structure that 
enforces an overall optimal coordination geometry about the two rhodium 
centers, and 4) bimetallic cooperativity that assists in the redistribution of two 
hydride ligands from a single catalytically inactive Rh(+3) oxidation-state center 
to two Rh(+2) metal-metal bonded centers and then again for foe bimetallic 
reductive elimination of foe final aldehyde product. A new proposed
vfii
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mechanism for bimetallic hydroformyiation via this system is presented based 
on these studies.
ix
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CHAPTER 1: 
INTRODUCTION
1.1. The Hydroformyiation Reaction
Hydroformyiation, or the oxo reaction, is the most widely used 
homogeneous catalytic industrial process for the production of aldehydes. This 
process, discovered in 1938 by Otto Roelen at Ruhtchemie, involves the 
reaction of alkenes with hydrogen and carbon monoxide in the presence of a 




H» CO II I
HZC>CHR —  ------- ► H-C-CHjCHjR +  H3C-CHR
llnear branched
Aldehydes
Figure 1.1. The hydroformyiation reaction.
More than 12 billion pounds of aldehydes are produced each year via
this method. These aldehydes are either hydrogenated to alcohols or oxidized
to carboxylic adds, leading to the production of plastidzers, detergents,
surfactants, solvents, and lubricants.
1.2. Conventional Monometallic Hydroformyiation Catalysis
Conventional industrial catalysts for hydroformyiation consist of a metal 
complex containing a single rhodium or cobalt center. The generally accepted 
monometallic mechanism (Figure 1.2), proposed in 1961 by Heck and Breslow,
begins with the cobalt based catalyst, Co2(CO)s. Oxidative addition of H2  to
1
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Coz(CO)b results in the formation of two equivalents of HCo(CO)4- Dissociation 
of CO allows for addition of the alkene. Migratory insertion of the alkene into 
the Co-H bond followed by carbonyl insertion leads to the acyl species 
Co(acyl)(CO)4 . H2 is oxidatively added to the Co(acyO(CO>4 species and the 








pathway } co  0C \  CO 
= = ^  Co.
Figure 1.2. Heck-Breslow hydroformyiation mechanism showing 
accepted monometallic pathway and possible bimetallic pathway.
Cobalt catalysts for hydroformyiation dominated the industry until the
commercialization of rhodium catalysts in the 1970’s. The movement to Rh-
based catalysts was inspired by a discovery by Osborn, Young, and Wilkinson.3
2
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They reported that Rh(l)-PPh3  catalysts were both highly active and 
regiosefective for hydroformyiation with a most important advantage over cobalt 
based catalysts — they outperformed the cobalt based catalysts by far even 
under ambient conditions. Wilkinson developed a mechanism describing 
rhodium based hydroformyiation. The core catalytic cycle (Figure 1.3) starts 
with HRh(CO)(PPh3)3 , a complex derived from Wilkinson’s catalyst for 
hydrogenation. This mechanism remains the accepted one for Rh/phosphine- 
catalyzed hydroformyiation and is essentialy the same as Heck’s monometallic 
cobalt mechanism discussed earlier.2 Today, Rh/PPhrcatalyzed 






Figure 1.3. Currently accepted mechanism for Rh/PPh3- 
cataiyzed hydroformyiation.
3
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1.3. Bimetallic Cooperativity
Though monometallic catalysts are exclusively used for commercial 
hydroformyiation, there has been ongoing interest in exploring the use and 
effectiveness of polymetallic homogeneous catalysts. These systems may offer 
novel reactivities and selectivities unavailable through the use of monometallic 
catalysts. In 1975, Muetterties’ proposal that molecular metal dusters may be 
reasonable models of heterogeneous metal surfaces in catalysis led to a search 
for effective polymetallic catalyst systems in homogeneous catalysis.3,5
Various studies have since supported this idea. For example, in 1994, 
Tsubouche and Bruice reported the first example of double metal ion 
cooperativity.6 A complex of two La3* ions allowed for intracomplex catalysis, 
thus enhancing the rate of phosphonate ester-catalyzed hydrolysis by a factor 
of 106. A study by Hidai et. ai. demonstrated that the Co2 (CO)8-Ru3(CO)i2 
heterobimetallic system showed high catalytic activity for the hydroformyiation 
of some olefins compared to Co2(CO)e or Ru3(CO)i2  alone.7 Suss-Fink and 
coworkers’ isotope labeling studies, reported in 1985, suggested that the 
hydroformyiation of ethylene was catalyzed exclusively through the intact 
cluster anion [Ru3H(CO)n].8 These examples along with others serve to 
establish that the concept of polymetallic cooperativity could be extremely 
worthwhile.
Heck, who proposed the monometallic mechanism for cobait-based
hydroformyiation, suggested, but did not favor, one of the first mechanistic
proposals for bimetallic cooperativity. As an aside to the monometallic
4
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pathway, Heck suggested that ftvo cobalt atoms could work together in 
hydroformyiation to eliminate the aldehyde product in 1961 (Figure 1.2).1,2 His 
proposal involved an intermolecular hydride transfer from H(Co)(CO>4 to 
Co(acyl)(CO)4 in the Co2 (CO)s-catalyzed hydroformyiation cycle as opposed to 
the oxidative addition of H2  to Co(acyl)(CO) 4  and reductive elimination of the 
aldehyde product proposed on the monometallic pathway. Although Heck’s 
ideas on bimetallic cooperativity were shown to work in stoichiometric model 
systems, there was no effective demonstration of the utility of bimetallic 
cooperativity in non-enzymatic homogeneous catalysis until Stanley and 
coworkers reported their remarkable dinudear rhodium hydroformyiation 
catalyst.9,10
1.4. Stanley’s Bimetallic Hydroformyiation Catalyst
The bimetallic system developed by Stanley and coworkers is based on 
a unique binudeating tetraphosphine ligand that is designed to both bridge and 
chelate two metal centers in order to enhance the possibility of cooperativity 
between them. This ligand, (EtaPCHaCHaXPhJPCHaPfPhXCHaCHaPEta) or 
(et,ph-P4), has both racemic and meso diastereomers as shown in Figure 1.4. 
Reaction of this ligand with two equivalents of [Rh(nbd)2](BF4) (nbd = 
norbomadiene) produces the bimetallic complexes [Rh2(nbd)2(et,ph-P4)](BF4)2 
in both racemic and meso forms. An ORTEP plot of the racemic catalyst 
precursor’s x-ray structure is shown in Figure 1.5.
Reaction studies on this system have shown comparable performance
relative to the commercial monometallic catalyst in terms of rates and
5
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regioselectivity as shown in Table 1.1. We believe that the racemic dinudear 
complex displays the most dramatic example of bimetallic cooperativity ever 
seen in a homogeneous catalyst. The racemic form of the catalyst is twelve 
times more active than the meso diastereomer. This has been proposed to be 
caused by the stereochemical differences between the two complexes. With 
the racemic complex, the chelating phosphine rings of the et,ph-P4 ligand are 
arranged anti to each other, thus facilitating the formation of a doubly bridged 
structure, allowing the two metal centers to come into dose proximity. This 
doubly bridging interaction is much less favorable in the meso complex where 
the chelating phosphine rings are syn to each other. Figure 1.6 depicts these 
two structural features.
Figure 1.5. ORTEP plot of x-ray structure of rac-[Rh2(nbd)2(et,ph-P4)]2+, 2.
6
meso  -  et,ph-P4
Figure 1.4. Racemic and meso et,ph-P4 ligand, 1 r and 1 m.
P4
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Table 1.1. Hydroformyiation Results on 1-Hexene (90 psig, 1:1 
H2/CO, 90°C, acetone solvent, 1mM catalyst, ~12. M 1-hexene.








/ —\  7  *\ / —v I 
Et*pvrac- Rh v  Rtf 640 28:1 8% 4%
PPh,
I
o c - R h - H  (0.82 M PPh3) 
PPh3
540 17:1 3% 3%
1* |2+
Et* p < X A  wmeso- Rh Rh 55 14:1 24% 10%
oc ^ ■ R h -p ^
OC Rh
Racemic Meso
Figure 1.6. Racemic and meso et,ph-P4 bridging and chelating 
two metal centers.
In addition to favorable rates and selectivities, a big potential advantage
of this system is that no excess phosphine ligand is needed to maintain catalyst
stability. Industrially, very large excesses of PPh3 ligand are required for the
7
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Rh/PPh3 catalyst in order to maintain catalyst selectivity and stability. In spite 
of this, catalyst deactivation still occurs and environmental problems result from 
PPh3 loss in the reactor and subsequent product separation steps. Another 
serious side reaction is the Rh-induced fragmentation of PPh3  to produce a 
variety of products, including deactivated catalyst in the form of phosphido- 
bridged polymetallic complexes. Our ligand/catalyst could potentially solve 
these problems and produce a far more selective as well as environmentally 
friendly industrial process. A test run of over 22,000 catalytic cycles in a single 
batch run demonstrated no decomposition of the ligand.9
1.5. Initially Proposed Mechanism
Originally, Stanley proposed a mechanism for this novel catalyst in which 
a neutral Rh(l) carbonyl hydride bimetallic complex rac-{Rh2H2(CO)2(et,ph-P4)] 
was the primary catalyst in the hydroformyiation cycle (Figure 1.7).9 This 
proposed catalyst structure seemed logical in that it was consistent with all 
known monometallic catalysts that have the generic formula [RhH(CO)(P2>] in 
which P2 describes two monodentate or one chelating bis(phosphine) ligand.
However, reaction studies and in situ spectroscopic studies have since 
demonstrated that the neutral bimetallic complex rac-[Rh2H2(CO)2(et,ph-P4)] is 
a very poor hydroformyiation catalyst.11 This work reports our detailed in situ 
spectroscopic investigations concerning the nature of the most active bimetallic 
system for hydroformyiation.
8
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Figure 1.7. Initially proposed mechanism for bimetallic hydroformyiation based
on Stanley’s catalyst system.
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1.6. In Situ Spectroscopy
The major focus of this research involves the study of this novel catalyst 
system through the use of in situ Nuclear Magnetic Resonance (NMR) 
Spectroscopy and Fourier Transform Infrared Spectroscopy (FT-IR) to 
understand the details of the catalytic mechanism as well as the nature of the 
bimetallic cooperativity. One of the most important developments in 
contemporary chemistry is the use of in situ spectroscopic techniques to probe 
into the underlying aspects of chemical reactions. The ultimate goal of most of 
these studies is to gain enough information to construct a catalytic cycle that 
effectively explains how the catalyst operates.
These in situ techniques have been primarily applied to liquid phase 
reactions involving gases under high-pressure and high-temperature conditions. 
The most frequently used high-pressure spectroscopic techniques reported are 
NMR and IR. Though NMR has the disadvantage of relatively low sensitivity 
and a somewhat long time-scaie, the technique yields valuable detailed 
structural, kinetic, and dynamic information such as chemical shifts and 
couplings.12 This information can be used to determine the structures of the 
species present in catalytic solution. This information can be further verified 
through the use of FT-IR, which is used throughout this study and is particularly 
valuable for studying metal-carbonyls. The binding of CO to transition metal 
atoms is easily monitored by FT-IR spectroscopy. Furthermore, the shifts in vco 
band positions can reveal very important information about CO bonding modes
(terminal vs. bridging) and the amount of electron density on the metal ''enters.
10
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CHAPTER 2: 
IN SITU FT-IR SPECTROSCOPY
2.1. Introduction
The presence of the carbonyl ligand facilitates the study of the 
hydroformyiation mechanism through the use of Fourier Transform Infrared 
Spectroscopy (FT-IR). Carbonyl ligands give prominent absorption bands in the 
infrared spectra of organometallic complexes that can be very distinctive and 
useful for making structural assignments. In the carbonyl stretching region of 
the FT-IR spectrum, the number of absorption bands often indicate the number 
of carbonyl ligands present in low symmetry complexes. The stretching 
frequency of the carbonyl ligand depends on its bonding mode (terminal or 
bridging) and the amount of electron density on the metal that n-backbonds to 
the carbonyl ligand. In neutral organometallic complexes, terminal carbonyl 
bands appear in the region of 2120-1850 cm'1. Broader, weaker, bridging 
carbonyl bands appear around 1850-1720 cm'1. These ranges shift 
appropriately for ionic complexes although the bridging bands are less sensitive 
to changes in the metal center’s electron density.1
Investigation of catalytic systems at reaction pressure and temperature 
can be achieved through the use of high pressure IR cells. In situ FT-IR has 
become a well established method for such analyses in recent decades.2 
Following a report in 1968 by Slaugh and Mullineaux who suggested that ligand 
modifications to the traditional cobalt tetracarbonyl catalyst caused dramatic 
improvements in the hydroformyiation of olefins, many attempted to correlate
12
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catalyst performance with the properties of phosphine ligands such as steric 
hindrance and basicity. Lack of appropriate analytical techniques to probe 
these mechanisms under industrial conditions limited investigation of this 
catalyst system. The desire for identification of the species involved in catalysis 
led to the development of high-pressure infrared spectroscopy.3,4 In addition to 
speed, the advantage of relatively high sensitivity offered by infrared 
spectroscopy makes the method compatible with the low catalyst 
concentrations typically found under operating conditions.
The literature includes many examples of FT-IR studies performed under 
high pressure at steady state.3,5'11 In 1974, R. Whyman used high pressure 
infrared studies to suggest that the dominate species present during the cobalt 
catalyzed hydroformyiation of olefins can be either acyl-cobalt tet/acarbonyls or 
hydrido carbonyls, dependent upon the olefin and catalyst used.5 Boven et. al. 
determined equilibrium constants at different temperatures allowing the heats of 
reaction to be estimated for the reaction between Co2(CO)s and the tri-n- 
butylphosphine system in 1975 3 Chuang and Pien more recently (1992) used 
in situ infrared spectroscopy to show that cationic rhodium centers are more 
reactive for carbonyl insertion than neutral rhodium sites.6 The insight gained 
from these studies have furthered mechanistic understanding of catalytic 
reactions involving organometallic complexes and serve to establish in situ FT- 
IR as an important technique for enhancing our knowledge about the 
hydroformyiation process.
13
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The study of our system involves the use of a Spectratech Circle 
Reaction Cell to allow the use of higher temperatures and pressures required 
for hydroformylation catalysis. To allow passage of the infrared beam through 
the closed vessel, attenuated total reflectance (ATR) technology is used. ATR 
is a variation of the techniques referred to as internal reflection spectroscopy 
(IRS). These methods are based on a theory initially proposed by Isaac 
Newton and have been used to enhance the field of optical spectroscopy by 
allowing the analysis of samples not conducive to conventional methods. In the 
usual FT-IR experiment, the infrared light beam is passed through a certain 
thickness of sample and the transmission is measured as a function of the 
wavelength yielding a spectra characteristic of the sample material. However, 
with IRS, the sample is in contact with a transparent medium optically denser 
than the sample, in our case, a zinc selenide single crystal. The infrared beam 
is passed through this medium and the spectrum is generated by the 
measurement of the wavelength dependence of the reflectivity of the interface 
between the medium and the sample. The reflectivity is a measure of the 
extraction of energy from the evanescent wave making the reflection less than 
total, hence the name ATR. As in conventional optics, the absorption is 
characteristic of the sample. The resulting reflection spectra closely resemble 
normal transmission spectra generally.12
Detection is achieved via a mercury cadmium teiluride (MCT) IR 
detector. This detector consists of a thin film of semiconducting MCT material 
deposited on a nonconducting glass surface and sealed into an evacuated
14
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envelope to protect the semiconductor from the environment ft must be cooled 
with liquid nitrogen to 77°K to minimize thermal noise. Use of the MCT detector 
allows the greater sensitivity and faster response time required for the analysis 
of catalytic reactions via the ATR technique.
2.2. in Situ FT-IR Analysis of a Neutral Bimetallic System
In situ FT-IR was first applied to the investigation of our racemic 
bimetallic rhodium et,ph-P4 based hydroformylation catalyst system following 
the initial proposal of the neutral bimetallic mechanism.13 This study was 
prompted when it was realized that the racemic bimetallic catalyst produced 
higher than the expected amount of side products by alkene hydrogenation and 
isomerization. These side reactions seemed, at the time, inconsistent with the 
catalyst’s high regioselectivity. At first, it was proposed that the side reactions 
could be a result of the reaction of the aldehyde product, or alkene starting 
material, with two equivalents of the strong acid, HBF4, generated from the 
reaction of the dicationic precursor with H2/CO to make the initially proposed 
neutral hydrido-carbonyl catalyst rao-Rh2H2(CO)2(et,ph-P4) (Figure 2.1).
Figure 2.1. Initially suspected reaction of the racemic dicationic 
precursor with H2/CO to produce the proposed neutral bimetallic 
catalyst species. We will show that this does not occur under 
normal hydroformylation conditions.
15
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Industry always uses neutral rhodium precursors to generate their 
hydroformylation catalysts. Rh(acac)(CO) 2  is, for example, a common starting 
material used in industrial reactions.14 When a cationic monometallic rhodium 
hydroformylation complex reacts with tVCO in the presence of the required 
excess phosphine, it produces the same neutral-hydrido-carbonyl catalyst as it 
would if a neutral precursor is used. A facile deprotonation reaction (Figure 2.2) 
occurs resulting in the generation of the well known neutral HRh(CO)(PPh3 )2  (or 
HRh(CO)2(PPh3)2) hydroformylation catalyst
-H+
Rh(CO)2P2+ +H2 RhHaCCOkPz* -» HRh(CO)2P2
Figure 2.2. The deprotonation of a cationic monometallic rhodium 
hydroformylation complex following the reaction of the precursor 
with H2/CO in the presence of excess phosphine to produce a 
neutral catalyst precursor. P represents the phosphine (usually 
PPha).
To determine whether acid produced from the use of our dicationic 
precursor was causing the observed side reactions, the neutral bimetallic 
catalyst precursor, rao-Rh2(r|3-allyl)2(et,ph-P4) (Figure 2.3), not expected to 
produce acid, was prepared from the reaction of allylmagnesium chloride with 
the dicationic precursor.15 X-ray crystallography of the resulting orange-red 
crystals confirmed the expected open-mode bimetallic structure with the 
tetraphosphine ligand chelating and bridging the two q3-allyl coordinated 
rhodium centers (Rgure 2.4).
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Much to the Stanley group’s surprise, this neutral bimetallic precursor 
produced a very poor hydroformylation catalyst with respect to both rate and 
selectivity Gnitial turnover frequency 35 hr1, 2.4:1 linear to branched aldehyde 
ratio, 14% alkene isomerization, 5% alkene hydrogenation). However, addition 
of two equivalents of HBF4to the catalyst solution generated a highly active and 
regioselective hydroformylation catalyst identical to that produced when they 
started with the dicationic precursor, ft was at this point that in situ FT-IR 
studies were initiatied to understand the great differences in the 
hydroformylation catalysis when starting with a neutral bimetallic complex as 
opposed to starting with the dicationic bimetallic precursor.
Detailed in situ FT-IR studies were performed on the catalyst system 
generated from the neutral precursor rao-Rh2(allyl)2(et,ph-P4) and dicationic 
/ac*Rh2(nbd)2(et,ph-P4)2+. Figure 2.5 shows spectra generated under 
hydroformylation conditions for both the neutral and dicationic precursors. The 
poor catalytic species generated from the neutral precursor show carbonyl 
stretching frequencies 100 cm'1 lower in energy than those generated from the 
highly active and regioselective dicationic precursor. These lower energy 
bands are consistent with a dinudear spedes with neutral rhodium complexes 
and rhodium oxidation states formed from the neutral precursor of +1 or 0.
Ph
Figure 2.3. Rao-Rh2(q3-allyl)2(et,ph-P4). 
17
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Figure 2.4. ORTEP plot of neutral bimetallic precursor, rac- 
Rh2(Ti3-allyl)2(et,pl>P4). The ethyl groups on the tetraphosphine 
ligand have been eliminated for clarity.
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Figure 2.5. In situ FT-IR of neutral and dicationic precursors 
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The addition of two equivalents of HBF4 to the neutral precursor solution 
resulted in the spectrum in Figure 2.5b. This spectrum is identical to that 
resulting from the dicationic precursor and this procedure produces a highly 
active and regioselective catalyst This data confirms that as opposed to 
monometallic precursors that generate the same hydroformylation catalyst from 
either neutral or cationic complexes, our bimetallic precursors generate very 
different catalyst systems. Therefore, it is quite reasonable to conclude that the 
most active bimetallic catalyst is not the neutral species, rac-Ftii2H2(CO)2(et,ph- 
P4) initially proposed.14,15
2.3. Dependence of Hydroformylation Activity on Solvent
Infrared studies were performed using a variety of solvent systems. 
They were, (1) acetone, (2) dichloromethane (CH2CI2), and (3) a 1:1 CH2CI2 : 
acetone mixture (Rgure 2.6). Hydroformylation activity, seemingly coincident 
with the presence of bridging carbonyl bands around 1832 and 1818 cm'1, 
varied with each system. The rate of hydroformylation is fastest in acetone and 
about one quarter as fast in dichloromethane. However, use of pure acetone 
results in a large acetone absorption band that interferes with the observation of 
signals that would arise from the catalytic species. The acetone carbonyl 
absorption band appears around 1720 cm'1.
Dichloromethane proved to be the poorest solvent for observation of the
bridging carbonyl bands that we believe to be due to active catalyst. The use of
dichloromethane is ideal because it does not absorb in the carbonyl region of
the FT-IR spectrum, therefore, interference from a large solvent band in this
19
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vicinity is avoided. However, in using dichloromethane, bridging carbonyl 
bands were barely observed and gas uptake did not occur. Though increasing 
the temperature did have a slight effect, the increase in observed bridging 
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Figure 2.6. In situ FT-IR of dicationic precursor under 90 psig 
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To make use the best properties of each solvent, dichloromethane and 
acetone were mixed in a 1:1 ratio. Though a small solvent absorption band for 
acetone was present, its signal did not interfere as much and allowed for the 
observation of the presumed catalytic species in low concentration. In this 
solvent system, as the temperature was increased, the intensity of the bridging 
carbonyl bands increased as well. Significant gas uptake indicated the 
occurrence of catalytic activity, consistent with the observation of the bridging 
carbonyl bands.
2.4. Alkene Saturation
Industrially used monometallic catalysts are known to perform 
hydroformylation in pure alkene without sign of catalytic inhibition resulting from 
the saturation of the catalyst with the alkene substrate. However, with our 
bimetallic system, saturation of the metal centers with the substrate would 
prevent the availability of the hydride ligand necessary to eliminate the 
aldehyde via bimetallic cooperativity. Therefore, the demonstration of catalytic 
inhibition in the presence of excessive concentration of alkene would be key to 
the support of bimetallic cooperativity via our system.
In an effort to gain this piece of evidence, 1 -hexene was added to the 
reaction cell in an unsuccessful attempt to observe catalytic inhibition due to 
large alkene concentration under H2/CO at 90 psig and 90°C. Previous 
experiments showed the presence of acyl bands when the neutral precursor 
was placed under a carbon monoxide atmosphere, however, these bands have
never been observed for the dicationic system under the Ha/CO synthesis gas.
21
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To promote the generation of this species, the solution was allowed to stand for 
one hour following the addition of 5 mL of 1-hexene (solution of -230 mM 
alkene concentration). No acyl bands were observed.
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CHAPTER 3:
IN SITU NMR EXPERIMENTS
3.1. Introduction
The application of nuclear magnetic resonance (NMR) spectroscopy to 
the mechanistic study of high-pressure and high-temperature reactions is a 
relatively recent development. Through the measurement of chemical shifts, 
couplings, coupling pathways, and a wide variety of muttinuctear and 
multidimensional techniques, NMR represents a powerful method from which 
detailed structural information can often be derived. When combined with in 
situ FT-IR, NMR provides reliable data to characterize the variety of species 
often present in catalytic reactions. As discussed in the previous chapter, the 
vco bands in the IR provide extremely important information about the electron 
density on the transition metal center. This is the kind of information that NMR 
cannot provide. NMR, on the other hand, has remarkably powerful two- 
dimensional homo- and heteronuclear correlation experiments that can 
separate and identify moderately complex, overlapping species. NMR 
complements FT-IR for these studies because it compensates for the common 
overlapping of closely related species that complicates the interpretation of 
infrared spectra. Appropriate apparatus can enable the analyses of pressurized 
samples. Species present may then be monitored as a function of temperature 
or substrate concentrations.
The literature contains a number of approaches to in situ NMR. Most 
successfully reported studies involve systems containing a liquid and a gas with
24
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the main goal of gaining enough information to construct a catalytic cycle for 
homogeneous catalytic reactions. Specifically, in situ NMR has been applied to 
the monometallic homogeneous catalytic systems. A review by Horvath and 
Millar highlights high-pressure NMR studies used to investigate monometallic 
rhodium-catalyzed hydroformylation reactions as well as monometallic cobalt- 
catalyzed hydroformylation reactions under its more harsh conditions, typically 
100-140°C and 3000 psi.1 More specifically, NMR has also been successfully 
applied to characterize rhodium complexes with both terminal and bridging 
hydride ligands.2*7 Preliminary studies by Bianchini et. al. have suggested that 
dinudear rhodium catalytic complexes for hydrogenation maintain their dimeric 
structure during catalysis.2 Following these examples, we believe in situ NMR 
to be a quite reasonable method by which to study our bimetallic 
hydroformylation system.
The presence of hydride and the tetraphosphine ligand make our system
perfect to study using 1H and 31P NMR. Of the 200 isotopes that have magnetic
moments and can be studied by NMR, 1H and 31P nuclei are two of the most
widely studied. Both nuclei have a spin of one-half, a natural abundance of
100% and are easy to observe because of their large gyromagnetic ratio, y, and
large magnetic moment, p. 31P spectra have the benefit of being relatively
simple due to the wide spectral range up to 1000 ppm, though most of the
information gained lies in a 300 ppm range. 31P NMR has proven to be
extremely valuable for structural elucidation of compounds in which the
phosphorus atom is the central focus. Because of the wide range spectral
25
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range, even relatively small structural changes can cause considerable 
changes in the NMR spectra. For this reason, XJ couplings can often be used to 
directly determine the molecular framework that contains phosphorus atoms. 
More complex, 1H spectra usually lie in a range of only approximately 10 ppm. 
However, due to the presence of hydride ligands in these studies, the 1H 
spectral range is increased to approximately 40 ppm. Due to shielding by the 
metal atoms in organometailic complexes, the hydride ligands characteristically 
resonate further upfield, usually below 0 ppm.
Numerous NMR methods were used for the study of our bimetallic 
system. Compounds containing more than two phosphorus atoms exhibit very 
characteristic coupling patterns (although not always easily interpreted) in the 
proton decoupled 31P spectra. 31P spectra are normally recorded decoupling 1H 
at a high decoupler power. Irradiation with a broad-band radiofrequency signal 
encompassing the entire proton spectral region saturates the proton nuclei 
while the signals from the phosphorus nuclei are obtained as usual. The 
31P{1H} spectrum shows couplings to spin-active nuclei excluding 1H. The 
reverse situation, 1H{31P}, in which the phosphorus couplings to the proton 
nuclei are eliminated by saturation of the phosphorus nuclei, is more difficult 
due to the wide spectral range to be covered and the magnitude of the 1H-31P 
couplings (usually >100 Hz). However, as opposed to broad-band decoupling, 
the decoupler frequency power can be lowered to correspond to the resonance 
of a particular phosphorus nucleus. This method is referred to as selective 
narrow-band (NB) phosphorus decoupling. Selective narrow-band 31P
26
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decoupling in many instances can be much more informative than broad-band 
31P decoupling by providing the finer details of different coupling pathways in 
these experiments.
A general but advantageous side effect of decoupling is the nuclear 
Overhauser effect (NOE). The NOE arises from direct magnetic coupling 
between two (or more) spin-active nuclei. The irradiation and saturation of one 
nuclear spin center will have an observable effect on the other spin-active 
nuclei that have through-space interactions with the irradiated spin site. The 
through-space transfer of spin saturation to other interacting nuclei causes a 
decrease in their observed intensities. There is a 1/R6 dependence on this 
NOE so only spin-active atoms within about 4-6A are affected. The closer the 
atoms, the stronger the NOE phenomenon). Thus, important information about 
molecular conformations and relative positions of atoms can be obtained. The 
nuclear Overhauser effect was used in this work to aid in the assignment of the 
relative ligand positions of our active catalyst species.
Homonuclear (^P^HJ/̂ P^H}) and heteronudear (1H/31P{1H}) shift 
correlated (COSY) spectroscopy, collectively referred to as two-dimensional 
spectroscopy, were also used. These methods are especially useful for 
analyzing poorly resolved spectra. COSY experiments involve a two- 
dimensional (2D) Fourier Transform of an NMR signal obtained as a function of 
two time variables (the time delay before data acquisition, ti, and the time 
length of data acquisition, fe), thus yielding a 2D spectrum in terms of two 
frequency variables. The recorded spectra have two frequency axes with
27
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intensity displayed in the third dimension. The three dimensions (intensity + 2 
frequency) are usually represented as a 20 contour plot The relationships 
between signals in the two frequency regimes give useful correlations such as 
coupling constants along with chemical shifts of different nuclear species. The 
scalar interaction between nuclei gives important connectivity information, that 
is, which peaks on one frequency axis are connected to which signals on the 
other frequency axis. The principal diagonal resembles the 1D spectrum. 
Cross-peaks result from magnetization transfer between scalar coupled spins.8
Even with complicated molecules or systems such as ours, there is 
usually little overlapping of the correlation peaks in a 2D spectrum. Therefore, 
the information provided can be extremely useful for the mechanistic study of 
catalyst solutions that typically contain numerous compounds. The 2D NMR 
correlations allow one to track down the various different species present in 
solution. Homonuclear COSY proves to be one of the most suitable
methods for structural analysis of phosphorus compounds. This information 
cannot be determined from 1D experiments because the coupling correlations 
cannot usually be discerned for mixtures of compounds.
3.2. In Situ NMR Analysis of the Dicationic System
Numerous in situ 1H and 31P{1H} NMR experiments have been performed
on the dicationic precursor under H2/CO or CO (usually 250-300 psig) at 25°C.
The information gained in these experiments along with the in situ FT-IR
provides key support for the proposed bimetallic dicationic mechanism. Several
of the compounds on the proposed mechanistic pathway were characterized
28
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and agree with the results obtained from the in situ FT-IR experiments. Other 
complexes off the core mechanistic pathway, yet related to proposed 
mechanistic species through exchange processes, have been tentatively 
identified by the NMR work as well.
Please note in reviewing the proton spectra presented that significant 
shifts (approximately 3 ppm) of the NMR resonances in the hydride region were 
observed with change of solvent, either acetone or dichloromethane. Unless 
otherwise indicated, assume that the chemical shifts reported refer to the 
sample in acetone, the solvent most commonly used. Also, any discussion 
about 1H NMR will focus only on the hydride region of the spectrum since the 0- 
10 ppm region is extremely complicated due to an abundance of overlapping 
peaks that would prove difficult to sort out even by two-dimensional NMR.
The first task necessary was to determine the number of species being 
observed by both 1H and 31P{1H) NMR. The 31P{1H} NMR data appeared rather 
complex (Figure 3.1). Homonuclear 31P{1H} COSY experiments were 
performed to determine the number of phosphorus species present in the 
catalytic solution. These experiments indicated the presence of at least seven 
well-defined phosphine-based complexes. 1H spectra indicative of rhodium 
species containing hydride ligands proved to be rather simple (Figure 3.2). The 
spectra indicate the presence of at least three metal carbonyl hydride 
complexes. However, due to the low intensity of the hydride signals relative to 
the rest of the proton spectrum, homonuclear 1H NMR to confirm the number of 
hydride species present was not possible.
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1H NMR spectra obtained from variable temperature experiments 
indicate that one of these complexes is in rapid dynamic exchange with another 
complex and has two broad 1H (8 = -6.3, -8.5) resonances. The other two are 
relatively static and possess well-defined 1H NMR peaks (5 = -5.6, dq), (5 = - 
15.0, pseudo-decet).
ppm 70 00 40 30 20 10 0
Figure 3.1. In situ 500 MHz 31P{1H} spectrum of rac- 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig H^CO at 25°C in acetone- 
de.
The next goal was to determine correlations between the signals in the 
1H and 31P{1H) spectrum indicating species containing both phosphorus and 
hydride ligands and those with no hydrides. The low intensity of the hydride 
region of the 1H spectrum relative to the rest of the spectrum made 
heteronuclear 1H/31P{1H} COSY impossible. Therefore, selective 31P 
decoupling of the hydride region enabled us to correlate the hydride resonances 
with phosphorus resonances to determine related species (Section 3.2.4). Due 
to the broadness and lack of discernible coupling of the exchanging -6.3 and 
-8.5 ppm 1H hydride resonances, we focused our selective 31P decoupling
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studies on identifying which peaks were correlating to the well resolved 
resonances at -5.6 and -15.0 ppm.
!iiimii|iiimiiiimniiii|imiiiiiiiiiiiiiii|! 
-8 -10-6 -16-12ppm
Figure 3.2. 1H spectrum of the hydride region of the catalyst 
species generated from rac-CRh2(nbd)2(et,ph-P4)](BF4)2 under 250 
psig Ha/CO at 25®C in acetone-ds-
3.2.1. Characterization of /tec-[Rh2(CO)6(et,ph-P4)]2+, 3
The 31P{1H} spectrum shown in Rgure 3.1 indicates the presence of a 
major species (92% of integrated 31P intensity), shown more clearly in the 
expanded 31P spectrum shown in Rgure 3.9 on page 41. This species is 
represented by two doublet of doublets (S = 58, 71 ppm). The presence of only 
two sets of resonances similar in line shape indicates a symmetrical bimetallic 
structure. This same species is also present and dominant in the spectra of 
rac-[Rh2(CO)4(etIph-P4)](BF4)2 under carbon monoxide (Rgure 3.3). The 
tetracarbonyi compound, known to produce the same active catalyst species 
under H2/CO syngas from in situ FT-IR experiments and hydroformylation runs, 
was synthesized for comparison with the dicationic norbomadiene precursor. 
Both spectra are consistent with a chelated symmetrical bimetallic structure and
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confirms facile CO-pressure dependent equilibrium between the tetracarbonyl 
and hexacarbonyl. Therefore, a structure without hydride ligands has been 
assigned. The species is proposed to be an open-mode hexacarbonyl 
complex, rac-{Rh2(CO)6{et,ph-P4)}2+, 3, shown in Rgure 3.4. This 
hexacarbonyl compound is proposed to represent the resting state of the 
mechanistic cycle. The couplings between these peaks have been established 
by homonuclear 31P{1H} COSY for both the norbomadiene precursor under 
Ha/CO (Rgure 3.5) as well as the tetracarbonyl precursor under CO and H2/CO.
Unexpectedly, the resonances representing rac-{Rh2 (CO)6(et,ph- 
P4)}2+ in the NMR of the tetracarbonyl precursor under pure CO are not the only 
signals present. Groups of31P resonances appear around 75, 61, and 8 ppm. 
We suspect that the signals around 75 and 61 ppm may signify an impurity due 
to the presence of the meso- form of the tetracarbonyl precursor. We currently 
have no due as to what complex is represented by the low intensity peaks at 8 
ppm.
3.2.2. Characterization of Rac-[Rh2H2(|i-CO)2(CO)2(et,ph-P4)]2*: The 
Active Catalyst Structure, 4
The major hydride spedes present in the solution of rac- 
[Rh2(nbd)2(et,ph-P4)](BF4)2 under 250 psig H2/CO and 25°C is represented by a 
doublet of pseudo-quartets (8 = -8.7 in dichloromethane-d2) (Rgure 3.6a). 
Variable temperature experiments have shown that upon increasing the 
temperature the hydride complex corresponding to this 1H signal remains in 
significant concentration (apporoximately 39% of integrated 1H hydride signal
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intensity). These signals are obviously coupled, yet this coupling has not been 
verified by homonuclear 1H COSY experiments due to the low intensity of the 
signals in the hydride spectrum. The primary coupling of 164 Hz is usually 
indicative of trans 2J(P,H) coupling seen in virtually all other H-Rh(+1 ,+3)-P 
complexes. To determine the source of this large coupling, broad-band 1H{31P} 
NMR was employed to verify the nature of the coupling constants for the 
doublet of quartets.
ppm 70 60 50 40 30 20 10 0 -10
Rgure 3.3. In situ 500 MHz S1P{1H} NMR of mixture generated 
from rac-[Rh2(CO)4(et,ph-P4)}2+ under 250 psig of carbon 
monoxide at 25°C in acetone-d6.
Rgure 3.4. The open mode hexacarbonyl species rac- 
[Rh2(CO)6(et,ph-P4)]2+, 3.
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In this 1H-31P heteronudear decoupling experiment spin-splitting due to 
the 31P nuclei, was eliminated by irradiation with a broad-band radiofrequency 
signal encompassing the entire phosphorus spectral region while the proton 
NMR was collected as usual. 1J(Rh,H) couplings of 164 Hz and 15 Hz were 
obtained (Rgure 3.6b). Because broad-band 31P decoupling had no effect on 
the 164 Hz coupling, it can be assigned to 1J(Rh,H) coupling as opposed to the 
far more common large trans 2J(P,H) coupling, which usually falls in the 
neighborhood of approximately 90 to 160 Hz. Of the hundreds of rhodium 
hydride complexes known, 1J(Rh,H) coupling constants have been observed in 
the range of almost 0 to a maximum of 50.8 Hz.9 The unusually small trans P- 
Rh-H coupling constant (15 Hz) observed, common for cis 2J(P,H) coupling that 
is normally about 10 to 30 Hz, could be due to strong 1J(Rh,H) that is 
attenuating the normally strong trans 2J(P,H) interaction.
Another piece of evidence supporting the large 164 Hz coupling is the 
coupling constant’s invariance with field strength. The coupling has been 
consistently observed at field strengths of 250, 300, 400, and 500 MHz. This 
reduces the possibility that the pattern is second-order in nature. If the pattern 
was found to be second-order in nature, a simple first-order coupling analysis 
would probably not work. We have also never seen any effect on the 164 Hz 
coupling constant in any of our selective 31P decoupling experiments (see 
Section 3.2.4).
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ppm 80 40 20 T070
Figure 3.5. In situ 500 MHz 2D homonuclear 31P{1H} COSY of 
mixture generated from rac-{Rh2(nbd)2(ettph-P4)](BF4)2 under 
250 psig H2/CO and 25°C in acetone-d6 showing connectivities 
between phosphorus signals.
Based on these observations two structures have been proposed for a
species believed to be the active hydride containing catalyst (Rgure 3.7).10 Due
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to the large 1J(Rh,H) coupling constant obtained and the rare structure of our 
proposed active catalyst we believe that large 1J(Rh,H) coupling may be a 
distinctive feature of bimetallic cationic Rh(ll) complexes with terminal hydride 
ligands. In addition, it is likely that the cationic charge and the Rh(li) oxidation 
state greatly enhance the rhodium-hydride interaction resulting in such an 
unusually large coupling constant A recent report by S.G. Yan and co-workers 
at Brookhaven National Laboratories describing the investigation of the 
oxidative addition of Hz to bis(2l2,-bipyridine)rhodium(l) to form the 
corresponding Rh(lll) cis-dihydride reports coupling constants for Rh(lll) and 
Rh(l) hydride containing complexes as 26 and 13 Hz, respectively. The 
absence of a large coupling constant for these cationic Rh-H complexes 
suggest that the unusual Rh-H interaction we have observed could be specific 
to Rh(ll) hydride complexes.11
The pseudo-quartet coupling constants of approximately 15 Hz may be 
attributed to the cis- and trans- 2J(P,H) as well as 2J(Rh,H). Though this small 
coupling constant value is reasonable for ds-2J(P,H) and 2J(Rh,H), it seems 
much too small to be a trans-2J(P,H) coupling constant. This allows for 
uncertainty in the placement of the hydride and carbonyl ligands in 4. The small 
and approximately equal 2J(P,H) coupling constants for both cis- and trans- 
2J(P,H) could indicate that the hydride ligands should be placed cis to both the 
internal and external phosphines of the et,ph-P4 ligand as shown in structure 
4*. The overall symmetrical geometry remains for both 4 and 4*.
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a) no WP  dacoupBng
b) broad band **P  dacouplng
-9.1
ppm
Figure 3.6. (a) Hydride region of the in situ 500 MHz 1H NMR 
spectrum of 4 under 200 psig at 22°C in dichloromethane; (b) 
broad-band phosphorus-decoupled ’H^P} NMR spectrum of 4 
under the same conditions.
4 4*
Figure 3.7. Proposed active catalyst structures.
3.2.3. Nuclear Overhauser Effect (NOE): Further Evidence for the 
Active Catalyst Structure, 4
A variety of data provides strong support that 4 is the dominant catalytic
species as opposed to 4*. The ligands in the axial sites trans to the Rh-Rh
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single bond in normal lantern-type dinudear Rh(+2) complexes (Rgure 3.8) are 
quite labile. When this D4h-symmetry structure is converted into an edge- 
sharing bioctahedral structure, as proposed for our catalytic species, labile 
character for the four new “axial” ligands (trans to the bridging CO’s) is 
generated, although probably at about V2 the lability of the two axial sites in the 
D*) structure. In both dinudear rhodium complexes [Rh2(p-CO)(p- 
CI)Cl2 (dppm)2(MeOH)r (dppm = bis(diphenylphosphino)methane) and [Rh2(p- 
H)(ji-CI)Cl3(dppm)2], one of these “axial” sites is empty.7,12 Therefore, 4 has 
been assigned the structure with the carbonyl ligands in the more labile “axial” 
positions. The hydride ligands which bind more strongly would be least likely to 
electronically occupy these positions.
Secondly, nudear Overhauser effed (NOE) 1H NMR experiments 
support the structure of 4. These NOE experiments on the catalyst solution 
demonstrate only a weak interaction between the hydride ligands and the ortho- 
hydrogen atoms on the phenyl rings. This information correlates well with 
molecular modeling studies that suggest that the ortho-hydrogen atoms on the 
phenyl ring are 4.4 to 5.1 A from the hydride ligands in 4. For 4*, they would be 
considerably doser (2.3-3.0 A) and would be expected to exhibit a much 
stronger NOE. Rnally, because the hydride resonances disappear after 
depressurizing the sample tube, we know that H2 can readily reductively 
eliminate from the catalyst. This would be considerably more difficult in 4* 
because the hydride ligands are well-separated in a trans-like configuration.
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Lantern On,-Type Structure Edge Sharing Bioctahedral
Figure 3.8. Conversion of lantern D-urtype structure to edge 
sharing bioctahedral structure. Axial sites are circled in each 
structure.
3.2.4. Identifying The Active Catalyst Signal in the ^P fH } Spectrum 
Selective narrow-band decoupling experiments to decouple the 
phosphine resonances from the hydride peaks were performed to further verify 
the 1J(Rh,H) of 164 Hz and to identify which 31P species were related to the 
hydride resonances. Given the difficulty of performing the broad-band 
decoupling experiment and the controversial assignment of the 164 Hz Rh-H 
coupling, we wanted to be as sure as possible about our unusual assignment. 
The selective 31P decoupling experiment is considerably easier to perform. It 
can also act as a pseudo 2D heteronudear correlation experiment and allow us 
to track down which 31P peaks are related to the hydride resonances. In 
addition, there was a need to determine which species in the 1H spectrum 
correlates to the species seen in the 31P spectrum. This problem was also 
investigated by employing several heteronudear 1H/31P{1H}} COSY 
experiments. The selective 31P decoupling experiments revealed that irradiation 
of the species at approximately 60.9 ppm (12,200 Hz) in the 31P{1H} spectrum 
resulted in a collapse of the doublet of quartets in the hydride region into a
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doublet of triplets (Figure 3.9). The triplet pattern is consistent with the 
decoupling of one phosphorus coupling pathway in the active catalyst leaving 
couplings to the other phosphorus center and the rhodium centers. No changes 
in the large 1Jm^ coupling constant value occurred. These results suggested 
that31P resonances representing the active catalyst may lie under the large 31P 
resonances for the dirhodium hexacarbonyi species.
More detailed 31P{1H} spectra were obtained after improving the method 
of sample pressurization to combat the problem of mass-transfer limitation. 
Mass ^transfer limitation results from the small gas volume in the NMR tube, 
the slow gas diffusion and reaction, and the high concentration of the catalyst 
precursor present (usually 80-120 mM) (Rgure 3.10). After bringing the sample 
to a pressure of 200 psig H2/CO, the tube was allowed to remain open to the 
syngas mixture for approximately 30 minutes with occasional shaking. 
The tube was then depressurized to approximately 50 psig and subsequently 
repressurized to 250 psig H2/CO and allowed to sit open to the gas mixture for 
another thirty minutes with occasional shaking.
Irradiation of the 31P resonances using narrow decoupling ranges 
pinpointed which 31P signals correlated with the active catalyst hydride 
resonances in the 1H NMR. Most unexpectedly, we observed a correlation 
between the -8.7 ppm hydride resonance and two different species in the 31P 
NMR: a symmetrical complex, which we believe is rac-Rh2 H(p-CO)2(CO)2(et,ph- 
P4)2+, 4, and an unsymmetrical species that has a dangling outer phosphine, 5.
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Figure 3.9. In situ 500 MHz 31P{1H} spectrum of solution 
generated from /aoCRhzfnbcOzCet-ph.PAJXBF ẑ under 200 psig of 
H2/CO and 22°C and in situ 1H{31P} spectra of hydride region 
under the same conditions resulting from irradiation of the species 
indicated in the 31P{1H} spectrum at 61 ppm (12,200 Hz) in 
selective narrowband decoupling experiments.
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Figure 3.10. In situ 500 MHz 31P{1H} spectrum of solution 
generated from rac-[Rh2(nbd)2(et-ph,P4)}(BF4)2 under 250 psig of 
H2/CO and 25°C and in situ 1H{31P} spectra of the expanded 
hydride region under the same conditions resulting from irradiation 
of the species indicated in the 31P{1H} spectrum at (a) 75.7, (b) 
60.9, (c) 60.5, (d) 59.8, (e) 59.4, and (f) -9.6 ppm.
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3.3. Dynamic Exchange
It was dear from our earliest in situ NMR studies that dynamic exchange 
between various transition metal complexes present in the catalytic mixture was 
occurring. This was most clearty seen by the presence of broad ill-defined 
resonances in the 31P NMR at 74 and 67 ppm. As mentioned earlier, there are 
also two broad hydride peaks in the 1H NMR at -6.3 and -8.2 ppm. The 
temperature dependence of these 1H and 31P NMR resonances (discussed 
later) strongly indicates the existence of fast dynamic exchange between 
several complexes present in the catalyst solution. We were also aware of fast 
CO association/dissociation reactions of rao-Rh2(CO)x(et,ph-P4)2+ (x = 4-6) as 
evidenced in the 31P NMR by the smooth shifting of one of the 31P resonances 
with changes in the CO pressure.
Further evidence supporting the occurrence of dynamic and variable 
equilibria was found in the sometimes dramatic changes of the 10 spectra at 
various temperatures. Different, yet similar, spectra were also observed at a 
single temperature, thus indicating that changes in the NMR spectra could be 
described as “snapshots” of a catalytic system undergoing slow equilibria shifts 
and swings. It is evident that exchange reactions between catalytic species as 
well as equilibrium between other species related to a partial catalyst 
fragmentation pathway are observed.
3.3.1. Characterization of Rac-CRh2(CO)5(p-CO)2(Ti3-et,ph-P4))2+, 5.
The homonuclear 31P{1H) COSY of rac-[Rh2(nbd)2(et,ph-P4)](BF4)2
under 250 psig H2/CO and 25°C shows the presence of a species containing
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four differing phosphorus environments (8 = 76, 60, 22, -10 ppm). These 
signals are indicated by arrows in the 1D spectrum in Figure 3.11. This
species has been assigned the structure of a dosed-mode heptacarbonyi with a 
dangling terminal phosphine arm (Rgure 3.12). Each rhodium center is in the 
+1 oxidation state. The intensity and lack of separation of the bridging carbonyl 
bands in the in situ FT-IR spectra of catalyst points to the overlap of more than 
one bridging carbonyl spedes. Bridging carbonyl bands are considerably less 
sensitive to changes in a metal center’s oxidation state and eiectron-density 
relative to terminal carbonyl bands. Thus, it is reasonable to propose that rac- 
Rh2H2(M-CO)2(CO)2(et,ph-P4)̂ , 4, and rac-Rh2(p-CO)2(CO)5(Tl3-et,ph-P4)2+, 5, 
could have nearly identical bridging CO bands in the FT-IR.
Stable metal complexes with dangling phosphine ligands are well 
characterized in organometallic chemistry. A stable iron complex with two 
dangling phosphine ligands from a hexaphosphine ligand has been reported by 
Askham.13 The dangling phosphine is located well upfield from the other 
coordinated phosphorus resonances in the 31P{1H} spectrum and has been 
characterized by X-ray crystallography. The upfield resonance for a dangling 
phosphine has also been identified in the NMR spectrum of Ni(CO)2(Ti2-tripod) 
(tripod = HC(PPh2)3).14 Large 2Jp-p couplings (60-130 Hz) have been reported 
for assymetric or dangling bis(phosphino)methane complexes and explains the 
large 2J coupling (86 Hz) observed for rac-Rh2(p-CO)2(CO)5(Ti3-et)ph-P4)2+.
The proposed dosed-mode structure for 5 with bridging carbonyls is also
consistent with the fact that we do not observe the formation of this complex
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when rao-Rh2(CO>4 (et, ph-P4)2+ is placed under CO pressure. One might 
expect that /ao-Rh2(CO)x(et,ph-P4)2* (x = 4-6) could easily dissociate an 
external phosphine ligand to form an isomeric open-mode complex with a 
dangling phosphine ligand, rao-Rh2{CO)7<'r\3-etIph-P4)2+. So it appears that racy 
Rh20i-CO)2(CO)5Cn3-et,ph-P4)2+, 5, is only formed under the presence of 
Ha/CO. This naturally implies that it is related in some way to one of the metal 
hydride complexes. Additional information on the nature of this relationship 
comes from one of our most puzzling NMR observations -  the correlation of 
one of the 31P resonances for 5 with the hydride signals for the proposed 
catalyst /ao*Rh2H2(fi-CO)2(CO)2(et,ph-P4)2+, 4.
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Figure 3.11. In situ 500 MHz 31P{1H} NMR spectrum of solution 
generated from /ac-[Rh2(nbd)2(et-ph,P4)}(BF4)2 under 250 psig of 
H2/CO and 25°C with arrows indicating correlated resonances 
obtained by 2D homonuclear 31P{1H} COSY.
Evidence for dynamic interaction of 5 with the proposed core catalytic 
cycle (Figure 4.2, page 60) stems from the correlation of what is proposed to be
i l
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the free phosphine signal ( 8  = -10) of 5 with the hydride resonance from the 
active catalyst species, 4, in the 1H NMR. This correlation between the -10 ppm 
31P resonance and the -9  ppm hydride peak has appeared in numerous 
selective 1H{31P} decoupling experiments and does not appear to be an artifact. 
We believe that the correlation of the -10 31P peak to the 1H hydride signal from 
the active catalyst species may be attributed to dynamic exchange in which the 
exchange is on the proper time scale to allow spin magnetization transfer.
Figure 3.12. Closed-mode rac-tRh2(CO)5(M-CO)2(ii3-et,ph-P4 ) f+,
5, with detached phosphine arm.
This spin magnetization transfer interferes with relaxation processes and 
may enable the free phosphine to “remember” its attachment to rhodium on the 
active catalyst species. 31P relaxation times, Ti, vary widely and can be 
strongly dependent on several factors: solvent, temperature, and the nature and 
size of the substituents on the phosphorus atoms. Though most Ti values fall 
in the range of 2  to 2 0  seconds, 31P nuclei for PR3  groups fail outside of this 
range (10-31 seconds). Furthermore, in organometallic complexes, free ligands 
have even longer Ti values than coordinated ligands. 17 We believe that the 
longer Ti of the dangling phosphine in 5 allows for the more effective spin
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magnetization transfer when the phosphine ligand recoordinates and Ha 
reoxidativeiy adds to form 4.
The dynamic exchange phenomena proposed for this system are in the 
form of facile ligand exchanges and inter- and intramolecular rearrangements of 
the complexes present in solution. Unfortunately, there is not a lot of literature 
on extensive dynamic exchange correlation spectroscopic studies of 
organometallic complexes especially for catalytic systems. However, a few 
preliminary studies do lend evidence to the types of exchanges that may be 
occurring in these systems. Heise reported a study involving ligand 
redistribution reactions in which variable temperature kinetics of a three-site 
terminal ligand exchange in nickel A-frames was investigated by 31P{1H} 
exchange spectroscopy (EXSY). Extremely facile intermolecular terminal ligand 
exchange in acetone and dichloromethane as well as other solvents for this 
system are reported. Cross- peaks of 2D EXSY NMR showed strongly intense 
correlations of single-step interconversions of nickel species undergoing 
terminal ligand exchange.15 Another study by Murray suggests rapid exchange 
of halide ligands through low temperature 1H NMR of dinudear gold(l) ylide 
complexes with chelating phosphine ligands.16
3.3.2. Characterization of /tec-[Rh2(|i-H)2(ii4-et,ph-P4)2]2+, 6.
All 1H NMR spectra of the dicationic system under H2/CO showed the
presence of a relatively static well-defined pseudo-decet hydride signal (8 -18.5
in dichloromethane-d2 , Figure 3.13a) believed to be the overlap of two quintets
in the hydride region of the 1H NMR spectrum. This signal collapses to a
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doublet of doublets upon broad-band phosphorus decoupling (Figure 3.13b). 
We believe that this species is connected to the catalytic cycle by dynamic 





Figure 3.13. Expanded view of the ->18 ppm hydride region of the 
in situ 500 MHz (a) *H spectrum of the mixture generated from 
rac-[Rh2(nbd)2(et-ph,P4)}(BF*)2 under 200 psig of H2/CO at 22°C 
in dichloromethane; (b) broad-band phosphorus-decoupled 
1H{31P} spectrum under the same conditions.
’H/̂ P^H} COSY spectra and, more importantly, selective 31P decoupled 
1H spectra show two regions of the 31P spectra (peaks at 35 and -5  ppm) that 
strongly correlate to this hydride (Figure 3.14). This species seems very stable 
in that it remains even after depressurizing the sample tube. The complex 
responsible for these 1H and 31P resonances is proposed to be an
unsymmetrically bridged dihydride species, rac-[Rh2(p-H)2(n4-et,ph-P4)2f+, 6
48
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(Figure 3.15). Two rhodium metal centers are in the 2+ oxidation state and 
unsymmetrically bridged by the two hydride ligands. The complex must be 
unsymmetrically bridged because of the doublet of overlapping doublets 
observed in the 1H{31P} spectrum due to splitting from two different Rh 
environments. A single triplet resonance would result from an analogous 
symmetrically bridged complex by the splitting of the hydride resonance by two 
equivalent Rh nuclei.
The et,ph-P4 ligand in 6 is riot in its traditional bridging-chelating 
coordination mode. Rather, we have one q4-et,ph-P4 ligand coordinated to 
each Rh center forming 4- and 5-membered chelate rings. We believe that the 
upfield resonance represents the internal phosphines and the downfield 
resonances the external phosphines. The four-membered phosphorus 
chelating ring should shift one of the 31P NMR resonances considerably upfield, 
thus helping to explain the position of the -5  ppm peak. Because the hydride 
ligands are bridging instead of terminal, a small coupling constant of 
approximately 15 Hz, similar to that of 26 and 13 Hz observed by Yan and 
coworkers for the Rh(+3) and Rh(+1) hydride-containing complexes, is 
observed for this Rh(+2)-H interaction.11
3.3.3. Proposed Observation of Possible Fragmentation of Catalytic
Species
The unsymmetrically bridged hydride species 6 proposed above appears 
to be related to the fragmentation of the catalytic species. This probably occurs 
from the unsymmetrical dangling phosphine complex, 5. Black particles in older
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sample tubes signify the generation of rhodium metal or insoluble Rhx(CO)y 
clusters suggesting that some fragmentation of the bimetallic complex does 
occur. The signals representing the unsymmetrical hydride complex grow in 
intensity with time on the and 1H spectra.
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Figure 3.14. in situ 500 MHz 31P{1H} NMR spectrum of catalyst 
mixture generated from rac-[Rh2(nbd)2(et,ph-P4)](BF4)2 under 250 
psig H2/CO at 25°C indicating signals correlating to the pseudo- 
decet hydride signal in the 1H NMR spectrum.
Figure 3.15. Unsymmetrically bridged /ac,/ac-[Rh2(M-H)2 (et,ph- 
P4)2f +, 6. The ethyl and phenyl groups have been omitted.
Two significantly intense 31P resonances at 78 and 38 ppm (Figure 3.16)
that we also believe is related to the possible fragmentation of the catalytic
species remain for discussion. Though the coupling cross peaks are not seen
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in the homonudear ^PfH} COSY for these signals, we believe they are 
coupled because of the consistency in their relative intensities in all31P spectra 
collected regardless of temperature or pressure. The failure to observe their 
correlation in the homonudear 31P{1H} COSY may be attributed to unusually 
long relaxation times of the 78 ppm resonance.
These 31P signals at 78 and 38 ppm may represent two possible species 
that have been isdated and characterized. A monometallic species with a 
rhodium metal center wrapped by a tetraphosphine ligand with a terminal 
carbonyl ligand 7a is the first possibilty (Figure 3.17). A Rh(lll) q4-et,ph-P4 
dichloride analog has been isdated and characterized by 31P NMR and X-ray 
crystallography.19 A bimetallic rhodium species bridged and chelated by two 
racemic tetraphosphine ligands 7b (Figure 3.18) might also be represented by 
these resonances. A crystal structure and preliminary NMR data has also been 
recently obtained for this complex.19 Each rhodium metal is in the +1 oxidation 
state.
A possible explanation for the formation of these compounds lies in the 
activity of the unsymmetrically bridged complex, 6. Though 6 is in relatively 
high concentration in all 1H spectra, we know from hydroformyfation runs that 
the system remains highly active. Failure to cause gradual inhibition of this 
activity, as would be expeded from the high concentration of 6, suggests an 
equilibrium with other spedes in solution, those catalytically active as well as 
those related to a fragmentation pathway such as 7a and 7b. This could occur 
because of the facile breaking of the Rh-H bonds of 6 to form two monometallic
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“half complexes. These monometallic intermediates could then dissociate H2 
and associate CO to form two equivalents of 7a, or react together and generate 
7b via ligand rearrangement
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Figure 3.16. In situ 500 MHz 31P{1H} spectrum of mixture 
generated from /ao[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig Hs/CO 
at 25°C indicating signals at 78 and 38 ppm believed to be 





Figure 3.17. RaofRh(CO)2(et,ph-P4)]+f 7a.
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Figure 3.18. Rac,/ac-{Rh2(et,ph-P4)2]2+, 7b.
3.3.4. Characterization of ftec4Rh2H2(|i-H)2(CO)2(et,ph-P4)]2% 8.
The final hydride signals (8 = -62, -8.5) have been tentatively assigned 
to a tetrahydride species /aoRh2H2(|i-H)2(CO)2(et,phP4)2+ (Rgure 3.19) 
believed to be in equilibrium with the various species on and off the core 
catalytic cycle. At room temperature, both of the hydride signals are broad (5 = 
-8.5 ppm); however, at -50°C, the -8.5 ppm 1H signal sharpens into a well- 
defined nonet (Rgure 3.20). This signal is proposed to represent two hydride 
ligands symmetrically bridging the two rhodium +3 centers. The nonet pattern 
arises from equal coupling to the four phosphines, the two rhodium centers, and 
the two terminal hydride ligands. Rac-Rh2H2(p-H)2(CO)2(et,phP4)2+, 8, is 
believed to be in fast exchange and represented in the same region of the 31P 
NMR spectrum as the active catalyst species 4. The absence of large ^ro-h 
coupling as seen with 4 is due to Rh(+3) metal centers as opposed to Rh(+2). 
The final broad signal (-6.2 ppm) which sharpens into a pseudo-doublet at - 
50°C represents the terminal hydride ligands of this complex
53
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Rgure 3.19. ffaoRh2H4(M-CO)2(et,ph-P4)2+, 8.
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Rgure 3.20. /n situ 500 MHz 1H NMR of /ac-tRh2(nbd)2(et,ph- 
P4)]2+ at 25°C and -50°C.
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CHAPTER 4:
A DICATIONIC BIMETALLIC HYDROFORMYLATION
MECHANISM
4.1 Proposed Dicationic Bimetallic Hydroformylation 
Mechanism
The employment of in situ spectroscopic techniques has allowed us to 
determine the nature of the most active catalyst and to propose a new 
mechanism by which hydroformylation occurs with this unique homogeneous 
dicationic bimetallic system. It has been established by in situ FT-IR and 
hydroformylation runs that tire neutral bimetallic species initially proposed in the 
Science paper is not the means by which the novel racemic bimetallic catalyst 
system operates. The proposed structure for the most active catalyst is rao 
Rh2H2(p-CO)2(CO)2(et,ph-P4)2+, 4, an edge-sharing bioctahedral dicationic 
rhodium(+2) bimetallic 18-electron complex with two terminal hydride ligands 
and a metal-metal bond between the rhodium centers (Rgure 4.1 ).1
Figure 4.1. The most active catalyst /aoRh2H2(p- 
CO)2(CO)2(etfph-P4)2+, 4.
Though dinudear Rh(+2) complexes with a metal-metal bond are 
common,2 edge-sharing bioctahedral structures are quite rare. The most
H H
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closely related dinudear Rh(+2) complex to 4 is probably [Rh2H2(p-H)2(tripod)2] 
(tripod = MeC(CH2PPh2)3), however, only scant spectroscopic or structural data 
is available on this complex.3 The largest 1J(Rh,H) coupling constant ever seen 
(Jrh-h = 164 Hz) for this catalyst species may be a distinctive feature of cationic 
bimetallic Rh(+2) complexes with terminal hydrides. At the current time, this is 
the only such characterized complex.
The new dicationic mechanism for bimetallic hydroformylation is 
illustrated in Rgure 4.2. The starting point of this mechanism is proposed to be 
the dicationic hexacarbonyi species, rao-[Rh2(CO)6(et,ph-P4]2+, 3. Our in situ 
31P NMR studies dearly indicate that the CO ligands on the complex are 
extremely labile. Dissodation of two carbonyl ligands followed by oxidative 
addition of hydrogen leads to a unsymmetrical mixed oxidation state 
Rh(+1 )/Rh(+3) spedes, A. An intramolecular hydride transfer between the 
rhodium centers to form B, followed by ligand rearrangement results in the 
proposed active catalyst, 4, described previously. We have not seen any 
spectroscopic evidence for A or B, but it is extremely hard to imagine the 
formation of 4 from 3 without going through complexes like A and B.
Dissodation of a carbonyl ligand from 4 opens a coordination site for the 
addition of the alkene to form C. Insertion of the alkene into the metal-hydride 
bond forms the alkyl intermediate D. Coordination of a carbonyl ligand and 
subsequent insertion of a carbonyl ligand into the metal-alkyl bond produces the 
acyl intermediate E. Another intramolecular hydride transfer followed by
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reductive elimination of the aldehyde product and coordination of CO 
regenerates the hexacarbonyl complex 3 that restarts the catalytic cycle.
The proposed dicationic charge on the mechanistic species is vital to the 
behavior of this system. Due to a decrease in the amount of electron density 
available to rc-backbond from the metal center, the lability of the carbonyl 
ligands is insured. Normally, the mainly alkylated et,ph-P4 ligand would donate 
too much electron density to the rhodium center and deactivate it for 
hydroformylation in a neutral complex. Indeed, we have already shown that the 
neutral bimetallic system is an extremely poor hydroformylation catalyst4 The 
localized cationic charge on each metal center, however, compensates for the 
strongly donating phosphine ligands, yet maintains the lability of the carbonyl 
ligands. This, in turn, allows for facile coordination of the reactants, both alkene 
and H2, to the metal center. The dicationic oxidation state also makes the 
system more reactive for carbonyl insertion compared to a neutral metal 
center.5
4.2. Determination of Dicationic Oxidation State
The dicationic nature of the catalyst complexes was determined mainly
by in situ FT-IR. These experiments, performed to study the nature of the active
catalytic species for this system using /ao[Rh2(nbd)2(et,ph-P4)](BF4)2, 1 and
/ao-[Rh2(CO)4(etph-P4)](BF4)2, 2, show that both complexes generate the
same catalytically active species under hydroformylation conditions as
evidenced by identical catalytic and spectroscopic results (Rgure 4.3).1 Rgure
4.3a shows the FT-IR spectra of 2 under CO (1 atm., 22°C). The vco IR bands
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shown for 2 correspond well to those of known [cts-Rh(CO)2(P2>r complexes 
(P2 = chelating phosphine).6*10 The spectra also correlate well with the 31P NMR 
spectrum for the proposed open-mode symmetrical chelated and bridged 
bimetallic structures.
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Rgure 4.2. New dicationic bimetallic core catalytic mechanism.
60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
When 2 reacts with excess CO under 90 psig and 60°C, the bimetallic 
hexacarbonyl complex rao-[Rh2(CO)6(et,ph-P4)]2+ is formed (Fig. 4.3b). A 
carbonyl ligand is added to each rhodium center in the conversion from 2 to 3 
shifting the CO bands to higher energies by 37 cm'1. Studies in which various 
concentrations of CO were used indicate that 3 is stable under about 45 psig. 
However, at lower pressures, CO dissociates resulting in a shift back to mainly
2. The results of these studies are supported by 31P NMR experiments as well 
that confirm a facile equilibrium between 2 and 3 that is dependent upon CO 
pressure. The FT-IR and 31P NMR spectra indicate that when 2 is placed under 
CO an equilibrium mixture of rao-Rh2(CO)x(et,ph-P4)2+ (x = 4-6) is formed with 
extremely ready CO additions and dissociations.
Complex 2 was also placed under H2/CO (60 - 200 psig, 20° - 90°C). A 
new equilibrium mixture was obtained that certainly contains rao 
Rh2(CO)x(et,ph-P4)2+ (x = 4-6) and several new hydride species. 1H and 31P 
NMR supports the FT-IR spectra shown in Rgure 4.3c. D2/CO studies 
confirmed that all major IR bands in the region 2200 - 1700 cm'1 are due to 
carbonyl ligands as opposed to Rh-H bands that would shift upon deuteration. 
One valuable piece of information from this spectrum is the presence of 
relatively intense bridging CO bands at 1832 and 1818 cm'1 supporting the 
proposed structure for 4 and the other bridging carbonyl complexes discussed 
later.1 There are also several other components that must be present. These 
are proposed to be cationic rhodum bimetallic carbonyl, carbonyl-hydride, and
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hydride species whose characterization is supported by the in situ NMR 
evidence reported in Chapter 3.
4.3. The Most Active Catalyst Species, 4
The proposed most active catalyst structure, rao-Rh2 H2(p- 
CO)2(CO)(et,ph-P4)2+, 4, is supported by both in situ FT-IR and NMR 
spectroscopic data. The dicationic charge and the Rh(+2) oxidation state helps 
to explain the remarkable hydrofbrmylation activity and regioselectivity of 4. In 
monometallic hydroformylation catalyst systems, alkylated, strongly donating 
phosphine ligands normally inhibit catalyst activity and good regioselectivity. 
The presence of two electron donating phosphine ligands, for example, 
increases the electron density on the rhodium center leading to increased it- 
backdonation and stronger Rh-CO bonding, thus stabilizing unreactive five- 
coordinated 18-electron complexes. However, facile CO (or phosphine) 
dissociation is needed to allow for the coordination of alkene or H2  to start 
and/or to finish the hydroformylation cycle. This bimetallic system has cationic 
rhodium centers in the +2 oxidation state which compensates for the strongly 
donating et,ph-P4 ligand allowing the terminal CO ligands to be labile enough 
for good catalytic activity.
The high regioselectivity of this catalyst (linear branched = 28:1 for 1-
hexene) can be attributed to the rigid structure of 4 and the favorable steric
effects imposed by the et,ph-P4 ligand. In a typical monometallic square-planar
rhodium hydroformylation catalyst, alkene coordination causes the other ligands
to bend away and form a trigonal bipyramid (or square pyramid), which is the
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feast congested coordination geometry (Rgure 4.4a). This geometric 
reorganization results from electronic orbital rehybridization on the metal center 
and causes the steric directing groups on the phosphine ligands to swing away 
from the incoming alkene substrate. Consequently, this reduces the steric 
effectiveness of the phosphine ligand for orienting the alkene to insert properly 
into the Rh-H bond to give the generally desired linear alkyl intermediate
Rgure 4.3. in situ FT-IR spectra of catalyst mixture generated 
from (a) raĉ Rh2.(COU(et,ph-P4)]2+ (2) under 22°C, 1 atm; (b) rao 
[Rh2(CO)6(et,ph-P4)r+ (3) when 2 is placed under 90 psig of 
H2/CO at 60°C; (c) roughly equal mixture of 2, 3, and 4, in 
addition to other complexes to be discussed later. All complexes 
are BF4~ salts.
species.
2108 2000 1000 1800 
•*—  v/cm*1
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The bimetallic catalyst 4, however, cannot be distorted in this way when 
an alkene coordinates because the Rh-Rh bond and bridging carbonyl ligands 
prevent any significant movement of the ligand environment away from the 
alkene (Figure 4.4b). Minimizing the geometric reorganization about the 
rhodium center maximizes the steric effect of the et,ph-P4 ligand and directs the 
alkene insertion into the M-H bond to form a linear alkyl group, which goes on to 
form the linear aldehyde. In agreement with our initially proposed mechanism, 
we still believe that an intramolecular hydride transfer is essential to reductiveiy 








Figure 4.4. (a) A typical monometallic square-planar rhodium 
hydroformylation catalyst depicting ligand rearrangement upon 
olefin coordination. (b) Rigid structure of 4 upon olefin 
coordination.
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4.4. Evidence for the Hexacarbonyl Resting State
The proposed dicationic hydroformylation cycle begins with the formation 
of a hexacarbonyl species /ao[Rh2(CO)6(et,ph-P^]2̂  or 3, that has been 
determined by in situ NMR (1H and 31P{1H}) and FT-IR spectroscopy to be the 
major species in solution (approximately 92%) at room temperature under 250 
psig H2/CO. Complete CO saturation of the complex to form the hexacarbonyl 
species depends on the partial pressure of CO gas. Therefore, the formation of 
a pentacarbonyl complex differing by the facile loss of one carbonyl ligand 
makes perfect sense. Such a species, rao-[Rh2(CO)5(et,ph-P4)](BF4)a, 9, has 
been isolated and characterized by x-ray crystallography. These well-defined 
crystals resulted from allowing the catalytic solution to remain under H2/CO 
pressure in acetone in the high-pressure NMR tube. Depressurizing the NMR 
tube caused the crystals to lose CO and quickly dissolve into the mother liquor. 
However, carefully cooling the tube with liquid nitrogen, manipulating the tube to 
separate the mother liquor from the crystals, and slowly opening the tube 
allowed isolation of the yellow-orange air-stable crystals for X-ray 
crystallography.
The X-ray data shows that the structure is an open mode species, similar
to the saturated hexacarbonyl species 3 that formally starts the
hydroformylation cycle, with two rhodium metal centers each in the +1 oxidation
state symmetrically chelated and bridged by the tetraphosphine ligand (Figure
4.5). The presence of two BF4  anions about this (not shown in Figure 4.5)
offers definitive proof that this complex is dicationic. The five-coordinate
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rhodium center is of square-pyramidal geometry and saturated by carbonyi 
ligands. The four-coordinate center is of square planar geometry and has only 
two carbonyl ligands. The absence of an additional CO implies that this 16- 
electron center could readily react with H2  for catalysis.
Tables 4.1 and 4.2 give the distances and angles between the major 
atoms of this compound according to the crystal structure data. The 
crystallographic data is as follows: formula CsiHcOstfeFsP^bRfte, or 
[Rh2(CO)s(et,ph-P4)I(BF4)2*CH2Cl2, formula weight 1068.90, tridinic yellow- 
orange fragments, crystal size 0.65 x 0.60 x 0.52 mm, space group P-1, a =
11.475(2) A, b = 14.437(9) A, c = 14.526(5) A, alpha = 110.30(4)°, S =
102.60(2)°, gamma = 104.80(4)°, T = 100 K, R = 0.056, 12,314 observed data. 











Figure 4.5. ORTEP plot of rac-[Rh2(CO)5(et,ph-P4)]2+, 9.
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Table 4.1. Selected Bond Distances in Angstroms of X-ray Structure 
of rac-{Rh2(CO)5(et,ph-P4)](BF4")2. 9.










Table 4.2. Selected Bond Angles in Degrees of X-ray structure 
of rac-{Rh2(CO)s(et,ph-P4)KBF4_)2, 9-
Atom 1 Atom 2 Atom 3 Angle
P1 Rh1 P2 82.88(2)
P1 Rh1 C1 171.61(8)
P1 Rh1 C2 96.54(7)
P2 Rh1 C1 89.00(7)
P2 Rh1 C2 166.61(7)
C1 Rh1 C2 90.86(9)
P3 Rh2 P4 83.25(2)
P3 Rh2 C3 125.97(6)
P3 Rh2 C4 108.38(5)
P3 Rh2 C5 94.94(5)
P4 Rh2 C3 89.87(7)
P4 Rh2 C4 93.16(7)
P4 Rh2 C5 174.26(7)
C3 Rh2 C4 125.52(8)
C3 Rh2 C5 86.79(9)
C4 Rh2 C5 92.6(1)
4.5. The Reductive Elimination Reaction
The proposed structure of the closed-mode rac-[Rh2(CO)s(p-CO)2{ri3- 
et,ph-P4)]2+ with a dangling phosphine arm, 5, provides some interesting 
variants into how our bimetallic dicationic catalyst may operate. The formation
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of this species (Figure 4.6) involves the dissociation of an external phosphine 
ligand from the active catalyst species 4 to yield complex G, rac-Rh2H2(p- 
CO)2(CO)3(r|3-et,ph-P4)2+ analagous to the closed heptacarbonyl species 5 with 
terminal hydrides in the place of the two carbonyls trans to the 
bis(phospino)methane unit. Dissociation of the terminal phosphine chelating 
arm should favor the reductive elimination of H2  (plus addition of CO) to 
produce the unsymmetrical heptacarbonyl complex 5.
Though the mechanism and kinetics of the reductive elimination of H2  
has been studied in far less detail than that of oxidative addition, many have 
reported that reductive elimination from five-coordinate intermediates is favored 
over reductive elimination from six-coordinate compounds.11,12 Goldberg and 
coworkers have reported extensive investigations of the kinetics and 
mechanisms of reductive eliminations by five-coordinate intermediates of 
platinum complexes that originally had octahedral coordination geometries. In 
our bimetallic complexes, the reductive elimination of H2 may be assisted by the 
electron deficiency created from the dissociation of the electron donating 
phosphine chelate arm. Following dissociation of the phosphine chelating arm, 
reductive elimination of H2  relieves this electron deficiency by reducing the 
formal oxidation state of the rhodium metal centers, each in the 2+ oxidation 
state prior to the elimination, to the 1+ oxidation state, thereby increasing the 
electron density about the metal centers. Relatively fast reductive elimination of 
H2  from G would prevent observance of this species by in situ NMR.
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Figure 4.6. Proposed formation of dosed-mode hexacarbonyl 
with detached phosphine arm, 5.
Formation of 5 (or F) via any other pathway besides reductive elimination
of the two cis-equatoriaJ hydride ligands is highly unlikely. If one could form the
dangling phosphine complex, /ao[Rh2(CO)$(p-CO)2(Ti3-et,ph-P4)]2+, 5, or
symmetrical rao-[Rh2(p-CO)2(CO)4(et,ph-P4)]2+, F, without the intercession of
the hydride ligands we would see these complexes formed under pure CO from
the open-mode tetracarbonyi precursor /ao-Rh2(CO)4(et,ph-P4)2+, 2 (or the CO
addition complexes raoRh2(CO)5(et,ph-P4)2+, 9, or ra0-Rh2(CO)6(et,ph-P4)2+,
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3). Yet none of the 31P{1H} NMR studies performed on 2 under pure CO show 
any sign of the CO-bridged dosed-mode complexes 5 or F. While it is possible 
that the 31P resonances for dosed-mode symmetrical F are coincident with the 
open-mode isomer rao-Rh2(CO)6(et,ph-P4)2+, 3, the 31P peaks for the 
unsymmetrical CO-bridged complex 5 with the dangling phosphine ligand are 
quite distinctive and could not be missed in the NMR. Although we have not 
spectroscopically charaderized F, we believe that it must be in equilibrium with 
the dangling phosphine unsymmetrical complex 5 and that they should certainly 
appear together. Thus the absence of ^P resonances for the unsymmetrical 
complex rao-[Rh2(p-CO)2(CO)5(Ti3-et,ph-P4)]2+, 5 in 31P NMR spectra of 2 under 
CO point to the fact that the open-mode tetra-. penta-, and hexa-carbonyls (2, 
9, and 3) cannot readily transform into the dosed-mode CO-bridged structures 
represented by 5 and F.
This observation suggests that a high activation barrier is probably 
present that prevents the dosing of the open-mode carbonyl complexes to form 
5 or F. Therefore, H2  and hydride ligands appear to be necessary to assist in 
the “dosing" of the structure leading to the formation of the proposed dosed- 
mode CO-bridged active catalyst spedes. Favorable electrostatic interactions 
of the hydride ligands in the open mode /ao-[Rh2H2 (CO)3(et,ph-P4 )]2+, A (Figure 
4.7), with the rhodium metal center should allow formation of the dosed-mode 
structure by lowering the energy barrier caused by the electrostatic repulsions 
of the two cationic metal centers (Figure 4.7). The open-mode carbonyl 
complex 2 contains two rhodium centers in the +1 oxidation state. However,
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the dihydride intermediate A has one rhodium in the +1 oxidation state and the 
other in the +3 oxidation state due to the presence of two terminal hydride 
ligands. The hydride ligands have more of a partial negative charge than the 
carbonyl ligands of 3 making it more attracted to the other cationic rhodium 
center. A second electronic factor is the relieving of the electron deficiency on 
the 16e~ Rh(+3) center of A via the formation of a dative Rh-Rh bond.
Figure 4.7. Schematic depicting the electrostatic barrier for 
rotation to the dosed-mode structure from 3 and A. Two of the 
carbonyl ligands of 3, and ethyl and phenyl substituents were 
omitted for darity.
Though an electrostatic barrier is one possibility preventing formation of 
the dosed-mode spedes from 2, molecular modeling studies performed by 
Professor Stanley have shown that a significant steric barrier for rotation to the 
closed-mode structure also exists. The steric barrier is much higher for 2 
because the larger carbonyl ligands do not allow a low energy rotation pathway 
for the formation of the doubly carbonyl bridged intermediate. However,
Formation of 
I /M  bond can 
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substitution of the carbonyl ligands with the hydride ligands allows a 
considerably easier rotation to form the dosed-mode structure. Space-filling 
models of 2 and A (with the axial CO ligand removed for darity) qualitatively 
showing the more open environment on A for rotation to a dosed-mode 
structure is shown in Figure 4.8.
rac-Rh2(CO)4(metme-P4)2+ rac-Rh2H2(CO)2(me,ine-P4)2+
Figure 4.8. Space-filled models of rao-Rh2(CO)4(meIme-P4)2+ 
and rao-Rh2H2(CO)2(me,me-P4)2+ from a molecular modeling 
study of the formation of the dosed-mode structures by rotation 
from the open-mode complexes. One carbonyl ligand was 
removed and the ethyl and phenyl groups replaced with methyl 
groups for simplicity.
The dosed-mode heptacarbonyl spedes with a dangling phosphine
provides another interesting mechanistic explanation for the final reductive
elimination of the aldehyde produd. The external phosphine, which can readily
dissodate and reassodate (although apparently slowly on the NMR timescaie),
could promote reductive elimination of the aldehyde product by dissodation
(Figure 4.9). This will reduce the eledron density on the rhodium center and
72
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favor reductive elimination of the aldehyde product The symmetrical hydride- 
acyl catalyst species E could also go directly to the closed-mode bridging 
carbonyl complex F on reductive elimination. This dosed-mode spedes then 
opens up to form the isomeric open-mode hexacarbonyl, 3.
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Figure 4.9. Schematic depicting reductive elimination of the 
aldehyde product through the formation of a dangling phosphine 
species.
If this phosphine dissodation plays a role in the dinudear reductive
elimination of hfe from 4, as we believe it does, it could then be a far more
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important mechanistic factor in the reductive elimination of hydride and acyl 
groups to form the final aldehyde product The bimetallic reductive elimination 
of two hydrides to form H2 is fairly well characterized in organometallic 
chemistry.13'15 This is due to the spherically symmetric 1s orbitals on the 
hydride ligands that makes orbital overlap between them (usually across a 
metal-metaJ bond) fairly easy, allowing, in turn, relatively facile reductive 
elimination. At the opposite end of the spectrum is the reductive elimination of 
two alkyl (or analogous) ligands. Here one has two ligands with highly directed 
metal-iigand bonding sp3 hybrid orbitals that are quite difficult to orient to get 
good orbital overlap to allow bimetallic reductive elimination of a C-C bonded 
product. Indeed, there are no good examples of this type of dinudear alkyl- 
alkyl reductive elimination in organometallic chemistry (although monometallic 
examples are well known).
The intermediate example of a bimetallic reductive elimination of a 
hydride and alkyl (or in our case acyl) ligand is known, but relatively rare. Our 
specific catalytic case of a hydride and acyl ligand should theoretically be a little 
easier to perform a dinudear reductive elimination due to the presence of the 
sp2 hybrid orbital on the acyl carbon center. The sp2 hybrid has the extended p 
orbital component that, although mainly tied up in forming the double bond with 
the attached oxygen atom, can more easily overlap with the hydride 1s orbital. 
Considering the rarity of this process, it would seem to be a fairly difficult 
reaction. This is where the dissodation of the external phosphine arm could 
play an important role in promoting the reductive elimination of the final
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aldehyde product The reduction of electron density on the rhodium centers 
caused by the phosphine ligand dissociation, coupled with the cationic charges 
and +2 oxidation state, could all work together to dramatically speed up the 
bimetallic reductive elimination of the hydride and acyl ligands. While we 
believe that the dissociation is not necessary to have reductive elimination, it 
almost certainly is occurring to some extent and would help to speed up this 
important step in the catalytic cycle. It may be that this is one important reason 
why the rate determining step does not occur at this reductive elimination point 
in the mechanism. The rate-determining step in many monometallic 
hydroformylation catalysts involves the oxidative addition of H2 to the acyl 
species and subsequent reductive elimination of the aldehyde product.
4.6. Dynamic Exchange Equilibria
Throughout the process of interpreting the NMR data, it was evident that 
dynamic exchange processes, expected for such a complex system, were being 
observed. Variable temperature experiments revealed the dependence of the 
system on temperature. Aside from the presence of broad 31P and 1H peaks 
indicating fast dynamic behavior, unusual correlations observed in the 
heteronuclear 1H{31P} selective decoupling experiments pointed to slower 
equilibria between various well-resolved complexes in the NMR. Though 
initially confusing, further investigation of these correlations yielded significant 
clues about the nature of this unique catalytic system.
The 31P-1H NMR correlation between the unsymmetrical complex 5
(dangling phosphine) and catalyst 4 (hydride resonances) dearly indicates that
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the dangling phosphine can recoordinate to regenerate the active catalyst 
species 4 (Figure 4.6). The coordination of the dangling phosphine to the 
rhodium center will generate the symmetrically bridged carbonyl complex F. 
This is a dosed-mode isomer of the open-mode bimetallic hexacarbonyl 3. The 
coordination of the dangling phosphine to the rhodium increases the electron 
density enough on the rhodium to make it more reactive to oxidative addition of 
H2  to reform the symmetrical dihydride 4. The catalytic cyde, therefore may be 
is not inhibited by the presence of the unsymmetrical dangling phosphine 
complex that appears to have a relatively high concentration in the catalytic 
solution. Thus, the recoordination of the dangling phosphine may well act like a 
trigger for the oxidative addition of H2 to the bimetallic complex to form the 
Rh(+2) dihydride 4.
The hydride-bridged dosed-mode Rh(+3) tetrahydride spedes rao 
Rh2H2(p-H)2(CO)2(et,ph-P4)]2+, 8, was characterized according to 1H signals 
representing the terminal and bridging hydride ligands present at lower 
temperatures. Coalescense of these signals at higher temperature (Figure 
4.10) adds an important aspect to the interpretation of this data. This complex 
should be able to undergo fast reductive elimination of the ds terminal hydride 
ligands, produdng another dosed-mode Rh(+2) hydride species /aoRh2(p- 
H)2(CO)4(et,ph-P4)2+, J. This spedes can be formed by the oxidative addition of 
H2  to 4 (Figure 4.11) or to the Rh(+1) center of A (Rgure 4.12). The presence 
of bridging hydride ligands in these complexes supports the proposed 
intramolecular hydride transfer from A through B to form 4.
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Figure 4.10. In situ 500 MHz 31P{1H} NMR spectrum of the 
catalyst mixture generated from rao[Rh2(nbd)2(et,ph-P4)](BF4)2 
under 250 psig Hs/CO at -50°C, 20°C, 40°C and 60°C. An 
expanded portion of the hydride region between -6  and -9  ppm is 
shown.
Broad resonances at approximately 74 and 66 ppm have been observed 
in the 31P NMR at room temperature (Figure 4.13). We believe these 31P 
signals could possibly represent complexes 8 and J. Because these 
resonances appear to grow in with time, it is quite probable that the formation of 
these dosed-mode complexes from 4, proposed to be the most active catalyst, 
could occur through dynamic exchange processes. The similarity in structure of 
8 and J to 4 suggests that these complexes could play an important role in 
catalysis as well.
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Figure 4.11. Scheme depicting one proposed pathway to the 
formation of the dosed-mode hydride spedes rac-Rh2H2(M- 
H)2(CO)2(et,ph-P4)2+, 8, and /ao-Rh2(p-H)2(CO)4(et,ph-P4)2+, J.
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Figure 4.12. Scheme depicting an alternate pathway to the 
formation of the dosed-mode hydride spedes 8 and J.
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Figure 4.13. In situ 500 MHz 31P{1H} NMR spectrum of the 
catalyst mixture generated from nao-[Rh2(nbd)2(et,pi>P4)](BF4)2 
under 250 psig H2/CO at -25°C. The shaded areas highlight the 
broad resonances believed to represent the presence of 8 and J.
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CHAPTER 5: 
SUMMARY, CONCLUSIONS, AND FUTURE WORK
5.1 Summary and Conclusions
The in situ spectroscopic studies presented in this work dramatically 
increase our knowledge about how our bimetallic hydroformylation catalyst 
works. Sufficient evidence has been obtained by in situ NMR and FT-IR 
spectroscopy, as well as X-ray crystallography, to offer strong support for the 
proposed dicationic mechanism for bimetallic cooperativity in this unique 
homogeneous bimetallic system. Investigation of this system indicates that how 
bimetallic cooperativity operates in our catalyst is more complicated, yet also 
more interesting than initially expected.1
The almost completely unexpected high activity and regioselectivity for 
this bimetallic hydroformylation catalyst arises from maintaining the 
electrophillicity of the metal centers by the fortuitous combination of 1) cationic 
charge on the metals, 2) strongly donating phosphine ligands that prevent the 
cationic hydrides from being too acidic and dissociating H+, 3) the proper 
binudeating tetraphosphine ligand structure that enforces an overall optimal 
coordination geometry about the two rhodium centers, and 4) bimetallic 
cooperativity that assists in the redistribution of two hydrides from a single 
catalyticaily inactive Rh(+3) oxidation-state center to two Rh(+2) metal-metal 
bonded centers and then again for the bimetallic reductive elimination of the 
final aldehyde product. Together these represent an almost completely new 
and highly effective way of performing hydroformylaiton catalysis and a major
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break from 60 years of almost exclusive rule by monometallic homogeneous 
catalysts.
Numerous complexes have been characterized in these studies. At least 
seven complexes have been tentatively to firmly identified from the 1H and 31P 
NMR. Three of these complexes rao-Rh2(CO)6(et,ph-P4)2+, 3, rao 
Rh2H2(CO)2ai-CO)2(etph-P4)2+, 4, and /ao-Rh2(CO)s0i-CO)2(ii3-et,ph-P4)2+, 5, 
are on or closely related to the core catalytic pathway (Figure 5.1). Complex 3 
whose structure is supported by the isolation and characterization by X-ray 
crystallography of the open-mode unsaturated pentacarbonyi species, rao 
Rh2(CO)s(et,ph-P4)2+, 9, (Figure 4.5 on page 66) is the proposed resting state 
of the cycle. Complex 4 is proposed to be the most active hydride-containing 
catalyst. The unsymmetrical complex with a dangling phosphine arm, 5, is 
formed from the dissociation of one of the chelating phosphine arms from one 
of the metai-metal bonded Rh(+2) oxidation state dinudear complexes on the 
catalytic cycle (see Figures 4.1, page 57 or Figure 5.4, page 88). This 
phosphine dissodation may play an important role in promoting the dinudear 
reductive elimination of the final aldehyde product by redudng the electron 
density on the bimetallic catalyst.
Unfortunately this phosphine dissodation has two negative aspects 
associated with it. The phosphine dissodation should also promote reductive 
elimination of H2 from 4 reducing the amount of active hydride-containing 
catalyst available to react with alkene. The second, and potentially more 
serious side reaction, is that the phosphine dissodation may also provide a
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convenient catalyst fragmentation pathway. Two additional species identified 
from the 31P NMR (Figure 5.2) appear to be related to dinudear fragmentation 
pathway, most likely initiated by the dissociation of one of these phosphine 
chelate arms. These indude an unsymmetrically bridged hydride spedes, rac- 
Rh2(p-H)2<T)4-et,ph-P4)22* 6 (in which each metal center is tris-chelated by a 
tetraphosphine ligand) and, /ao-Rh(CO)(et,ph-P4)+, 7a, and/or raoRh2(et,ph- 
P4)22+, 7b. A crystal structure and preliminary NMR data has been obtained for 
7b from separate work by Mr Clinton Hunt in our group.2
The remaining two complexes are the Rh(+3) /aoRh2H2(p.-H)2(et,ph- 
P4)2+, 8, which we believe is in rapid dynamic equilibria with the Rh(+2) 
oxidation state rao-Rh2(p-H)2(CO)2(et,ph-P4)2+, J (Figure 5.3). These two 
rapidly exchanging spedes are responsible for the broad 1H and 31P 
resonances we see in the in situ NMR spectra at 25°C. Observation of these 
complexes support the proposed dicationic bimetallic hydroformylation 
mechanism via our novel catalyst system (Figure 5.4). Dissodation of two 
carbonyl ligands from the open-mode Rh(+1)/Rh(+1) hexacarbonyl 3 allows the 
oxidative addition of H2 to form the open-mode Rh(+1)/Rh(+3) complex, A. The 
important intramolecular hydride transfer, central to the concept of how 
bimetallic cooperativity works in our catalyst, “doses” the structure to form B 
and leads to the eventual formation of the 4, the most active hydride containing 
catalyst. Dissodation of a carbonyl ligand allows the coordination of the alkene 
substrate to form C. Migratory insertion of the alkene substrate into the Rh-H
bond yields D. CO coordination and a CO migratory insertion occurs to form E.
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We believe that a direct bimetallic reductive elimination of aldehyde from E can 
occur to generate F. The dosed-mode hexacarbonyl F, isomer to 3, can then 
reopen to form 3 or an oxidative addition of H2 following carbonyl dissodation 
leads directly to the regeneration of the active catalyst, 4. Formation of a 
dangling phosphine intermediate H (Figure 4.9, page 73) possibly promotes the 
reductive elimination of the aldehyde product
As with any mechanistic proposal, one must realize that a mechanism 
cannot be proven, it can only be supported or discounted by the accurate 
interpretation of experimental evidence. Adcfitionally, controversial ground is 
tread when one daims to have observed the most active catalytic spedes of a 
system. Often times, the most active catalytic spedes are of too low a 
concentration to be observed spectroscopically. A dassical example of the mis- 
assignment of the most active catalyst involved the in situ spectroscopic study 
of a homogeneous assymetric catalyst for the hydrogenation of prochiral 
enamides that involved a rhodium center with a chiral chelating phosphine 
ligand.3 One major diastereomer was identified by NMR and characterized by 
X-ray crystallography. Unfortunately, the major diastereomer had only low 
catalytic activity and produced the minor product with the wrong chirality. It 
turned out that the minor catalyst diastereomer, barely observable in the NMR, 
was over 1000 times more active than the major diastereomer.
Keeping this in mind the possibility of a small concentration of an 
unidentified, superactive catalytic spedes for this bimetallic system remains. 
For example, /ao-Rh2H2(p-H)2(et,ph-P4)2+, 8, is a viable candidate. The
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rhodium centers, each in the +3 oxidation state, are formally more electron 
deficient than those in 4, in which each rhodium center is in the +2 oxidation 
state.
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Figure 5.1. Summary of complexes observed in the in situ 
^P^H} NMR of the catalyst mixture generated from rac- 
Rh2(nbd)2(et,ph-P4)2+ under 200-250 psig H2/CO at 25°C relating 
to the dicationic bimetallic hydroformylation mechanism. The 
expanded spectra at top is from a different in situ run where 
considerably more time for H2/CO mixing was allowed, thus giving 
considerably higher concentrations of the hydride containing 
compounds.
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Figure 5.2. Summary of complexes off the mechanistic pathway 
characterized from the in situ 31P{1H} NMR of /ao-Rh2(nbd)2(et,ph- 
P4)2+ under 250 psig Hs/CO at 25°C.
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Rgure 5.3. Summary of complexes observed in the in situ 1H 
NMR of rao-Rh2(nbd)2(etJph-P4)2+ under 200-250 psig H2/CO 
related to the dicationic bimetallic hydroformylation mechanism.
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Figure 5.4. The dicationic bimetallic hydroformylation mechanism.
This allows for less ic-backbonding to the carbonyl ligands, making the
dissodation of a carbonyl ligand and coordination of the alkene (possibly the
rate-determining step) easier, thus, contributing to the high activity of the
dicationic system. The similarity in structure of 8 to 4 should produce similar
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regioselectivity. However, the interpretation of all the data obtained previously 
and presented in this work offers strong support for the proposed mechanism 
as well as the assignment of the active catalyst species as rac-Rh2H2(p- 
CO)2(CO)2(et,ph-P4)]2+, 4. Primarily, in situ variable temperature NMR 
demonstrates the dependence on temperature of the hydride peaks proposed 
to represent 4. As the temperature is increased toward actual hydroformylation 
conditions, the intensity of the hydride signals increase relative to the other 
signals. Though other changes in the 1H spectrum are observed, the signal 
remains a static, well-defined pseudo-doublet of quartets (Rgure 5.5). 
Improperly pressurizing the sample results in the absence these peaks or the 
presence of a low intensity, poorly resolved signal.
Molecular modeling studies also support the structure of our proposed 
bimetallic catalyst species 4 and demonstrates that the alkene binding site has 
very little conformational flexibility and is extremely well-defined. In these 
studies, propylene was docked onto the catalyst’s binding site (Rgure 5.6). This 
dinudear catalyst favors linear over branched product by an experimental 
product ratio of 28:1. Steric interactions between the alkyl chain of the olefin 
and the alkyl/aryl substituents on the terminal and internal phosphines as it 
coordinates to the binding site explain the system’s superb regioselectivity. The 
molecular modeling studies predict that the pro-branched olefin docking into the 
catalyst binding site, which leads to the branched aldehyde product, is clearly of 
higher energy (~4 Kcal/mol) than the pro-linear orientation. The higher energy 
may be attributed to increased steric interactions between the olefin tail, the
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ethyl subsituent on the terminal phosphine ligand, and the phenyl ring on the 
internal phosphine.
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Figure 5.5. In situ variable temperature 500 MHz 1H spectra of 
the hydride region in acetone.
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propylene
Rgure 5.6. Space filling models of most active catalyst 4 with an 
axial CO dissociated to open up one of the catalyst coordination 
sites. The lowest energy pro-linear and pro-branched docking 
modes of propylene onto the catalyst binding site are shown to the 
right.
Though the symmetry of the active catalyst is of considerable 
significance, electronics play a huge role in the activity this bimetallic catalyst. 
Recall the very poor activity of the neutral bimetallic catalysts. Even though the 
bimetallic hydrido-carbonyl, /ao-Rh2H2(CO)2(et,ph-P4), upon which a neutral 
mechanism is centered, would be symmetrical (Rgure 5.7), the high election 
density on the rhodium centers makes it essentially inactive toward 
hydroformylation. Each rhodium is neutral and formally in the +1 oxidation 
state. This significant increase in the amount of electron density on the metal 
center relative to the dicationic catalyst makes the neutral species far less 
reactive towards the carbonyl dissociation that allows coordination of the alkene 
and H2  substrates.
5.2. Recommendations for Future Studies
Though much has been gained from these studies, the door remains 
open for further investigations of this system. Numerous questions remain
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unanswered. Many other methods of analysis may offer further support for this 
mechanism. Interpretation of our data so far has led to other proposed 
experiments to further support and verify these conclusions.
Rgure 5.7. Catalyst species for the initially proposed neutral 
system, /ao-Rh2H2(CO)2(et,ph-P4).
5.2.1. Rhodium NMR
Being that rhodium is the metal center and crucial site of the catalysis 
proposed, rhodium NMR seems to be one method of choice. Unfortunately, the 
low sensitivity of 103Rh (natural abundance 100% and spin Vz) due to its low 
gyromagnetic ratio makes this a rather difficult undertaking. Elsevier et. al. 
recommends and has used a method to access 103Rh NMR parameters of 
rhodium(organo)phosphine compounds by measuring 103Rh-31P coupling 
constants directly from the 31P{1H} spectrum via 31P detected indirect two- 
dimensional spectroscopy.3 The technique has also been used to demonstrate 
an electronic difference at rhodium between diastereomeric olefin complexes.4 
The method is based on polarization transfer from the more sensitive nuclei to 
the least sensitive nuclei. The sensitive 31P nuclei are used as a source as well 
as a probe for the detection of the insensitive nuclei. The two frequency
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domains, Fi and Fa, correspond to the insensitive nuclei and the sensitive 
nuclei, respectively.3"5 Application of this method to our system may be 
possible by this method and lend further proof of the unusually large 164 Hz 
1jRh-H coupling constant.
5.2.2. Dynamic Exchange Correlation Experiments 
Understanding the dynamic exchange processes occurring with this 
system is vital to our understanding of its nature. The proposed interactions 
between species in the core mechanistic pathway and side equilibria must be 
studied in more detailed. This undertaking is sure to be challenging. Changing 
relaxation times (Ti values) in 1D and 2D experiments can help to determine 
correlations more precisely and yield valuable kinetic information.
More catalytic species may also be identified upon cooling the sample to 
lower temperatures. Due to the dynamics involved with transition metal 
complexes, temperatures as low as possible should be routinely attained. In 
this work, the lowest temperature capable was -50°C was achieved. However, 
it is recommended that, a temperature of approximately -160°C should be used. 
Difficulty arises in choosing a solvent that would remain sufficiently mobile as to 
avoid line broadening due to viscosity effects. The solvent 
chlorodifluoromethane has been found to meet such requirements, provided the 
metal complex for investigation is soluble in such. Use of this solvent also 
combats the difficulty incurred in obtaining a deuterium lock in that the fluorine 
nuclei can be used as a lock signal.9 Given the high solubility of our catalyst in 
CH2CI2 , HCCIF2 may work well.
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5.2.3. Heteronuciear SIP/IH COSY
Heteronudear 31P/1H COSY should be attempted again after finding an 
appropriate method by which to do so. This information would verify 
correlations suggested by the selective 1H{31P} experiments. Varying mixing 
times in this experiment would also be beneficial to establishing correlations to 
the relationships between observed spedes.
5.2.4. Kinetics
Kinetic studies to determine the rate orders for the dicationic catalyst, the 
synthesis gas (1:1 H2/CO), and the alkene substrate for the reaction is also 
necessary for the understanding of this proposed bimetallic dicationic 
hydroformylation mechanism. This project is currently being pursued in our lab 
by independently varying the concentration of each substrate.
5.2.5. Observance of Bis-Acyl Species
Inhibition of catalytic activity has been previously observed under high 
olefin concentration (>2-3 M). This is believed to be due to the formation of a 
bis-acyl spedes, /ao[Rh2(COR)2(CO)4(et,ph-P4)]2+f as illustrated in Rgure 5.8. 
A similar open-mode neutral bis-acyl complex has been observed when the 
neutral precursor is placed under 4 equivalents of carbon monoxide (Figure 
5.9b). This neutral complex is presumed to form by going through an rii-allyf 
intermediate followed by carbonyl insertion. In situ FT-IR has shown this to be 
the only produd formed upon excess addition of CO. The weak acyl IR bands 
at 1648 and 1623 cm*1 are similar to that seen for other Rh-acyl complexes.2 
The presence of the acyl groups prevent the availability of a hydride ligand that
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would allow for reductive elimination of the aldehyde product Upon addition of 
HBF4 to the system, the acyl bands dissappear and regenerates the dicationic 
tetracarbonyl species 2 (Rgure 5.9c).
Rgure 5.8. Bis-acyl species, rao-[Rh2(COR)2(CO)4(et,ph-P4)]2+.
The proposed bis-acyl spedes has yet to be observed spectroscopically 
for the dicationic system under high alkene concentration. This feat has thus 
far been unsuccessful according to preliminary FT-IR experiments. An alkene 
concentration of 230 mM in the catalytic solution did not produce any 
observable acyl bands in the FT-IR. Because monometallic catalysts do not 
show alkene inhibition effects (many can run in pure alkene), this would be one 
of the strongest pieces of data supporting bimetallic cooperativity via this 
system.
5.2.6. An Analogous Monocationic Bimetallic System
We have observed a monocationic bimetallic system by in situ FT-IR that 
also performs hydroformyiation well. This system can be produced by either (1) 
addition of one equivalent of HBF4 to the neutral allyl precursor, (2) mixing the 
neutral allyl and dicationic precursor in equimolar amounts, and (3) addition of 
NEfcj to the dicationic precursor (Rgure 5.10). We believe that the spectra
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shown in Rgure 5.10b-d correspond to the generation of at least two different 
monocationic complexes (Rgure 5.11). One spedes has a bridging carbonyl 
absorbing at 1797 cm-1 and the other does not. We propose that the spectra 
illustrate a shifting in the composition from the closed- and open-mode isomers 
rao-Rh2(p-H)(p-CO)(CO)4(et,ph-P4)+ and rao-Rh2(H)(CO)5(et,ph-P4)+. Given 
the current data on open- and dosed-mode carbonyl isomers, /ao-Rh2(p- 
CO)2(CO)4(et,ph-P4)2+ and /ao-Rh2(CO)6(et,ph-P4)2+, these two cationic 







Figure 5.9. In situ FT-IR spectra of neutral /ac-Rh2(allyl)(et,ph- 
P4) precursor after addition of (a) 2 equivalents of CO (b) 4 
equivalents of CO, and (c) 2 equivalents of HBF4.
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Though studies on this system have been only preliminary, in comparison 
to our dicationic complex, the monocationic system performs at a reasonable 
rate that is expectedly slower than the dicationic system, but interestingly, is 
more chemoselective, giving less isomerization and hydrogenation side 
reactions. When the system is generated by the addition of 2 equivalents of 
NEfe , it has an initial turnover frequency of 215 TO/hr, 30:1 linear to branched 
aldehyde regioselectivity, and only 1.6% alkene isomerization and 0.4% alkene 
hydrogenation side reactions. A few hydroformyiation runs resulted in less than 
1% total isomerization and hydrogenation side reactions. However, enough 
runs have not been performed to arise at a definitive conclusion about the 
chemoselectivity of this system which is considerably superior to the dicationic 
system that yields 8% isomerization and 3% hydrogenation side reactions.
Based on the proposed mechanism for the dicationic system, a tentative 
mechanism has been proposed for hydroformyiation through the monocationic 
pathway (Rgure 5.12). The mechanistic cycle begins with the formation of the 
open-mode hydride complex M. Though each rhodium is in the +1 oxidation 
state, an important feature of M is the difference in charges about the rhodium 
centers. The rhodium with the hydride ligand has a neutral charge while the 
other Rh is cationic. The ciosed-mode structure N is formed from the favorable 
electrostatic and electronic interaction of the hydride ligand with cationic 16- 
electron Rh center. The cationic charge on the one rhodium center decreases 
the 7c-backbonding to the carbonyl ligands allowing for the dissociation of the
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Figure 5.10. In situ FT-IR spectra of the precursor species shown 
to the right under hydroformyiation conditions (90°C, 90 psig, 1:1 
H2 /CO). The middle three spectra represent various mixtures of
what is believed are two bimetallic monocationic catalysts, 
labile “axial” terminal carbonyl and coordination of the alkene substrate. 
Migratory insertion of the alkene into the bridging Rh-H bond reopens the 
structure to give open-mode P. After formation of the of the acyl by the 
migratory insertion of a carbonyl ligand, oxidative addition of H2  to the cationic 
Rh(l) center to form the open-mode Rh(+1)/Rh(+3) dihydride intermediate R 
occurs. Formation of the dosed-mode intermediate S again relieves the 
electron deficiency about the Rh(+3) center. Reductive elimination of the 
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Similar spectroscopic and kinetic studies to those used to investigate the 
dicationic system and application of the knowledge gained about bimetallic 
cooperativity should be applied to understand this monocationic system as well.
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Rgure 5.11. Proposed open- and dosed-mode isomers rao 
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Rgure 5.12. Proposed monocationic bimetallic mechanism.
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All synthetic procedures were performed under inert atmospheric 
conditions through the use of either Schlenk techniques or glove boxes. 
Solvents were dried and degassed with the stated reagent before use in all 
experiments: toluene (sodium); hexane, diethyl ether, tetrahydrofuran 
(sodium/benzophenone); dichloromethane (CaH2); methanol (magnesium), 
tetragiyme (potassium). Acetone and pentane were dried and degassed by 
bubbling through with nitrogen. Water was degassed by bubbling with 
nitrogen. The following were obtained and used as received: Rh(CO)2(acac) 
(Hoescht-Celanese Corporation); phenylphosphine, diethylzinc, phosphorus 
trichloride, vinylmagnesium bromide, allylmagnesium chloride, tetraflouroboric 
acid, dimethyformamide, and norbomadiene (packed under nitrogen from 
Aldrich).
6.1.1. Synthesis of Methylene Bis(phenylphosphine)y or Bridge1
In a 1000 mL Schlenk flask, 20g (181.8 mmols) of phenylphosphine was 
mixed with 7.7g (90 mmols) of dichloromethane (DCM) in 209 mL of 
dimethylformamide (DMF). The solution was cooled in an ice bath before 
slowly adding 27 mL of 56% KOH (the addition must take at least two hours). 
After stirring for approximately 4 hours (until the salts turn white in color), 
degassed water (138 mL) was added to the reaction mixture. The product was 
extracted with 3 washes of 60 mL of pentane. The pentane was evaporated
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from the combined extracts. By-products were removed at 90°C under vacuum. 
9g (43% yield) of bridge were produced. 31P{1H} NMR (benzene-ds, 8 in ppm, 
H3PO4 reference): -56.3 and -57.6 (s).
6.1.2. Synthesis of Oiethylchlorophosphine (Et2PCI)2
A solution of 46.0g (0.37 mmol) of diethylzinc in 35 mL of tetraglyme was 
prepared. This solution was added dropwise to a solution of 50.0g (0.36 mmol) 
of phosphorus trichloride in 35 mL of tetraglyme with cooling in an ice bath. 
The reaction mixture was stored in the freezer for no more than 48 hours. The 
product was separated from the mixture by trap-to-trap distillation and 20.6g of 
EtaPCI were obtained (45.3% yield). 31P{1H} NMR (chloroform-d) at 120 ppm, 
1H NMR (chloroform-d) 3H(m) at 1.05 ppm, 2H (m) at 1.7 ppm.
6.1.3. Synthesis of Vinyldiettiyiphosphine2
Vinylmagnesiumbromide 1.0M solution (217 mL, 217 mmols) was placed 
in an icebath. EtaPCI (30.0g, 217 mmols) was slowly added to the solution. 
The product and THF were co-distilled by trap-to-trap distillation. Pure 
vinyldiethylphosphine (15g, 60% yield) was obtained after very slow fractional 
distillation. 31P{1H} NMR: (chloroform-d) -20 ppm, 1H NMR: (chloroform-d) 
muftiplet 0.7-1.5 ppm (ethyl group, and -CH2), multiplet at 5.3-6.2 ppm (vinyl 
group).
6.1.4. Synthesis of et,ph-P4 Ligand1
In a 100 mL flask, 10.0 of bridge were mixed with 10.1g (86.2 mmol) of
diethylvinylphosphine. The mixture was stirred for at least three hours under
Xenon lamp irradiation. A 1:1 racemic:meso mixture of ligand resulted. 20.0 g
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(100% yield) of product was obtained. 31P{1H} NMR (benzene-de, 5 in ppm, 
H3PO4 reference): diastereotopic internal phosphorus atoms, -26.3 (1 P, dd, 
J p -p =  10.4 and 12.2 Hz and -25.5 (1 P, dd, Jp-p = 10.2 and 12.1 Hz); external 
phosphorus atoms, -18.37 (1 P, dd, J p -p =  10.3 and 12.5 Hz) and -18.31 (1 P, 
dd Jp-p= 10.4 and 12.3 Hz). 1H NMR (benzene-de, TMS reference): 0.74 -  0.85 
(m, P-CHz-Cflh), 1.02-1.14 (m, P-CHfe-CHs), 1.19-1.33, 1.33-1.46 (m, P-Chh- 
CH2-P), 1.72-1.89 (m, P-CHz-P), 6.98-7.10 and 7.41-7.47 (m, Ph).
6.1.5. Separation of Rac- and Meso-et,ph-P4 Ligand3
The racemic and meso ligand diastereomers were separated by 
complexation with nickel thiocyanate according to a method to be published.3
6.1.6. Synthesis of Rh(nbdXacac)2
Rh(CO)2(acac) (3.0g, 11.6 mmole) and norbomadiene (85 mL) was 
added to a 250 mL Schlenk flask. The flask was equipped with a reflux 
condenser and the mixture was heated with stirring in an oil bath at 90°C for 3 
hours. The solution turned from dark green to bright yellow. The solution was 
cooled, filtered, and the unreacted norbomadiene was removed under vacuum. 
The resuting yellow powder was recrystallized from THF/hexane to form 2.8g 
(82% yield) of yellow crystals.
6.1.7. Synthesis of [Rh(nbd)2](BF4)4
Rh(nbd)(acac) (2.014g, 6.85 mmole) was dissolved in 30mL of THF in
the glovebox. The solution was cooled to -20°C. HBF^Ete (1.28g of an 85%
solution) was then added dropwise. The color changed from yellow to dark
red. Norbomadiene (3.0g, 32.6 mmole) was then added and an orange-red
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precipitate formed. The flask was placed at -20°C for at least 2 hours (but 
usually overnight) and the precipitate was collected by vacuum filtration. The 
precipitate was then dissolved in acetone for recrystallization. Red crystals 
resulted. Yield: 90-95%. 1H NMR (dichloromethane-ck): 1 .7 (br s, bridgehead 
Ctk  of nbd), 4.3 (br s, CH of nbd), 5.3 and 5.6 (br m, and br s, olefinic CH of 
nbd).
6.1.8. Synthesis of Rao-[Rh2(nbd)2(et,ph,P4)](BF4)2,2f*
[Rh(nbd)2](BF4) (4.03g, 10.8 mmole) was dissolved in 10 mL of DCM in a 
125 mL Erlenmeyer flask. /?aoet,ph-P4 (2.5g, 5.38 mmole) was dissolved in 5 
mL of DCM and added dropwise to the solution of [Rh(nbd)2jBF4  with vigorous 
shaking. Diethyl ether (150 mL) was added to a 250 mL or larger Erlenmeyer 
flask. The resulting rhodium solution was added dropwise to the ether with 
vigorous shaking to avoid oiling of the product. The resulting orange powder 
was immediately filtered by vacuum filtration. The powder was dissolved in 
acetone and placed in the freezer for recrystallization until a batch of red- 
orange crystals resulted (usually overnight). Yield: -90%. 31P NMR
(dichloromethane-cfe), 47.5 (dm, Jp-Rh = 156 Hz, internal phosphorus atoms) and
58.0 (dd, Jp-p= 23 Hz and Jp-Rh = 150 Hz, external phosphorus atoms. 1H NMR 
(dichloromethane-d2): 0 .8 - 1 .4 (m, PCH2CH3), 1.5-2.1 (m, PC££>CH3  and m, 
PCHzCf±>P and s, bridge head CH of nbd), 2.9 (t, PCI±P), 3.6-4.2 (br d, CH of 
nbd), 4.8 and 5.3 (br s, olefinic CHoi nbd).
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6.1.9 Synthesis of /?ao-Rh2(n3-allyl)2(et,ph-P4)4
A solution of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2 (2.06g, 2.0 mmol) in 20 mL
THF was prepared and cooled to -25°C. AllylMgCI (20 mL of 2.0 M THF
solution, 20 eq.) was added. Undissolved rhodium starting material quickly
dissolved with the addition of the allylMgCI to form a yellow/brown solution. The
solution was warmed to room temperature and 30 mL of toluene and 10 mL of
hexane was added. The flask was placed in a freezer overnight to crystallize
out the inorganic salts. The solution was filtered through a glass frit and the
solvents removed from the filtrate by vacuum evaporation. The product is
extracted with a 3:1 mixture of toluene and hexane. The solvents are removed
once again and the residue dissolved in DMF. The flask was placed in the
freezer to crystallize the product A total of ~90% yield of powder was obtained
after repeated recrystallizations from DMF. 31P{1H} NMR (benzene-de): 68.5 (d
of multiplets, Jp-Rh =188 Hz, terminal P’s of all three possible isomers); 56.4 (d
of multiplets, Jp-Rh =178 Hz, internal P’s of one of the two isomer with a two-fold
symmetry axis); 55.7 (dddd, Jp-Rh = 188 Hz, JP.P = 40,20, and 1 Hz, internal P of
the isomer without a two-fold symmetry axis), 52.3 (dddd, Jp-Rh = 194 Hz, J p-p  =
40, 19, and 1 Hz, the other internal P of the isomer without two-fold symmetry
axis), 52.0 (d of multiplets, Jp.Rh = 194 Hz, internal P’s of the other isomers with
two-fold symmetry axis).
6.1.10. Synthesis of /?so-[Rh2(CO)4(etlph-P4)](BF4)2
HBF4  OEt2  (0.81 g, 5.0 mmol) was added to a solution of Rh(acac)(CO) 2
(1.29 g, 5.0 mmol) in 30 mL DCM) with stirring. /?ao-et,ph-P4 (1.16 g, 2.5
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mmol in 5 mL DCM) was added dropwise while stirring and a red solution was 
obtained. The volume of the solution was then reduced to approximately 10 mL 
by vacuum evaporation. Carbon monoxide gas (CO) was bubbled through the 
resulting solution for about 5 minutes. The concentrated solution was then 
added dropwise to 100 mL of diethylether with stirring to obtain a red 
precipitate. The flask containing the precipitate and the solution was placed in 
a freezer and cooled to -32°C. The precipitate was then filtered to obtain a red 
powder. Yield: -90%. 31P{1H} NMR (acetone-de): 69.9 (dd, Jp-wi= 112 Hz, JP-P 
= 25 Hz, terminal phosphorus atoms), 53.5 (dd, Jp-Rh = 127 Hz, J p-p  = 25 Hz, 
internal phosphorus atoms).
6.2. In Situ FT-IR Studies
A Spectra Tech external sample bench was attached to a Perkin-Elmer 
1760 instrument equipped with a Spectra Tech circle reaction cell (CRC) which 
allows for the study of solution IR under high temperature and high pressure 
conditions (Rgure 6.1). The cell is equipped with a ZnSe crystal rod that allows 
the cell to operate under the methodology of attenuated total reflectance (ATR). 
A highly sensitive narrow-band mercury-cadmium-telluride (MCT) detector 
cooled with liquid nitrogen was used.
Instrument parameters used were: 25 scans, resolution 4 cm*1, scan
speed 1.0 cm s*1, scan range 4000-800 cm'1 (for data collection range narrowed
to 2500-1400 cm'1). Under these conditions we get an energy reading of
18,000 to 20,000 counts through the empty CRC cell. In a typical study, the
CRC containing at least 15 mL of acetone under N2  is fitted to the external
106
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
sample bench and the bench is purged at a relatively high rate with N2. A 
background spectrum (25 scans) is taken every two minutes until the bands 
between 4000 and 3500 cm'1 from the moisture in the air and the bands at 
approximately 2350 cm'1 from C02 have become very small. This background 
spectrum is then stored internally on the PE 1760 FT-IR for auto subtraction 
from the sample spectrum. Purging is then stopped and the CRC is removed 
from the external sample compartment and brought into a glovebox to load the 
rhodium catalyst solution. The concentration of the catalyst precursor (1 or 2) is 
30-40 mM (in acetone). The CRC is again installed into the external sample 
bench and N2 purging of the bench is restarted. A sample spectrum is collected 
every two minutes until a nice level baseline is obtained in the aforementioned 
regions.
 stirrer
gas Wat ■ ■—





Figure 6.1. SpectraTech high pressure in situ circle reaction cell.
About 10 psig of gas (either CO or a 1:1 mixture of H2/CO) is introduced 
into the CRC. The pressure is then raised to approximately 90 psig and a 
spectrum is taken every 5 minutes until no changes in the spectra are
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observed. Data was collected and processed using GRAMS/386 (Galactic 
Software).
Subsequent in situ FT-IR experiments were done without the use of the 
optical bench. A special platform was designed and constructed to allow 
placement of the reaction cell directly into the path of the beam leading straight 
to the detector. Major benefits were reaped due to this modification. Smaller 
sample concentrations of solution were allowed. Purging of the system was no 
longer required. This decrease in pathlength dramatically improved the quality 
of the spectra obtained. Background spectra were taken at the midpoint 
between room temperature and 90*0. A 1:1 mixture of dichloromethane and 
acetone was used to eliminate saturation of the signals by the dominating 
acetone peak.
6.3. In Situ NMR Studies
NMR spectra were collected on Bruker ARX-300 or AMX-500 
instruments. A high-pressure 5 mm NMR tube (Wiimad model 524-PV-6) with a 
Teflon valve as shown in Rgure 62. was used for studying the catalyst 
solutions. The threads of the valve were wrapped with Teflon tape to make 
better seals and minimize the chance of the valve being blown out of the tube. 
All deuterated solvents (acetone-de, dichloromethane-d2) were obtained from 
Aldrich or Isotech and used as received (packed under nitrogen) for sample 
preparation.
Due to the small gas volume in the NMR tube, the slow gas diffusion and
reaction, and the high concentration (30-120 mM) of catalyst precursor present
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
( 1  or 2 ), the tube was shaken reasonably vigorously for at least 3060 minutes 
while open to the H2/CO gas mixture. Compound 1 is only moderately soluble 
in acetone giving maximum concentration at room temperature of approximately 
30-40 mM. However, 1 is very soluble in dichloromethane giving a maximum 
concentration of approximately 140 mM, but there is considerably lower 
concentration of the catalytically active complex 4 present in this solvent at 
room temperature. A high concentration of the syngas (usually 200 to 250 psig) 
was used to compensate for mass-transfer limitation.
Spectra obtained were later improved upon by modification of the 
method used to pressurize the NMR tube. After bringing the sample to a 
pressure of 200 psig H^CO, the tube was allowed to remain open to the gas 
mixture for approximately thirty minutes with occasional shaking. The tube was 
then depressurized to -50 psig and subsequently repressurized to 250 psig 
H2/CO and allowed to sit open to the gas mixture for another thirty minutes with 
occasional shaking.
.rrv 1 wap with 
r  |j V  Teflon tape 
!
} wrap with Teflon tape
} add extra O-rfng
Figure 6.2. Wilmad 524-PV-6 high pressure NMR tube with teflon 
valve modifications.
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6.3.1. Broad-band Heteronuciear 1H{*1P} Decoupling
’H^P} was achieved by decoupling a range of 1 0 0  ppm to cover the 
entire phosphorus spectrum using the composite pulse program GARP 
(Globally Optimized Alternating Rectangular Pulses). The decoupler remained 
on during the course of the excitation pulse and data acquisition period.
6.3.2. Selective Narrow-band Heteronuciear 1H{31P} Decoupling
A continuous wave pulse program was used. Larmor frequencies 
irradiated ( 0 2  values) were determined from the 31P spectrum taken 
immediately before the selective NB decoupling experiment The decoupler 
attenuation of 36 dB to 38 dB to cover approximately 200 Hz or less in various 
experiments was used.
6.3.3. Selective Homonuclear 1H Decoupling to Observe the NOE
The NOE was observed by employing a one-dimensional experiment
combining the principles of selective decoupling and gated decoupling as 
illustrated in Figure 6.3. With gated decoupling, the decoupler is switched off 
during the exicitation of the observed nucleus and data acquisition. The ortho 
hydrogens of the phenyl rings were saturated irradiation through the range 7.2 
to 7.9 ppm.
6.3.4. Variable Temperature Experiments
Variable temperature experiments were performed under 250 psig of gas 
in at the various temperatures. Two sets of spectra were recorded in the order 
listed: -50, 25, 40 and 60 °C; -10, -30, and -50 °C. Acetone-d6  instead 
dichloromethane-d2  was used because of acetone’s lower vapor pressure.
1 1 0
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After setting the temperature, the sample was allowed 30 minutes to reach a 
"steady-state” before data collection.
Rgure 6.3. Principle of gated decoupling experiment combined 
with NB decoupling used to achieve the NOE. The NB decoupler 
is switched off during the excitation pulse and data acquisition. 
Illustration adapted from Friebolin. 5
6.3.5. Two-Dimensional (2D) COSY Experiments
Homonuclear 31P{1H} COSY experiments were based on the pulse 
sequence 9Ox,o-ti-0X' (where 6=90°) (Rgure 6.4). The composite pulse 
decoupling program GARP was used to decouple 1H nuclei over a range of 40 
ppm (Hz). The variable delay time, ti, began at 3 psec and was increased by 
increments of 1 dwell for the same spectral width in both dimensions.
31P-channel
^-channel MB




Figure 6.4. Schematic depicting 2 D homonuclear COSY 
experiment used.
1 1 1
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Heteronuciear ̂ P/1̂ 31?} COSY was attempted by the use of a method 
described by Williamson and Bax with a few modifications. 6  This method, which 
proved unsuccessful in application to this work, has been reported to yield the 
best resolution and sensitivity in heteronuciear correlations by employing partial 
decoupling of passive 1H spins, is illustrated in Rgure 6.5. The variable delay 
time, h, began at 3 psec and was increased in increments of 1 dwell over 128 
scans. The sweep widths were Fi=45 ppm and Fz=134.4 ppm. Other 




Rgure 6.5. Schematic depicting 2D heteronuciear COSY 
experiment used. Illustration adapted from Williamson and Bax. 6
6.4. Crystal Structure of ftao-{Rh2(CO)5(et,ph-P4)](BF4)2
Crystals were removed from the NMR tube by first separating the 
crystals from the mother liquor by simple manual manipulation of the tube. 
Contact with the mother liquor following release of the tubes pressure results in 
the crystal quickly dissolving into the mother liquor. To avoid losing the 
crystals, the tube was then broken to quickly obtain the crystals while liquid 
nitrogen was gently blown on the area.
1 1 2
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X-ray crystallographic data were collected on an Enraf-Nonius CAD4  
diffractometer at 100 K by using Mo Ka radiation and a graphite-crystal 
monochromator, with the 6/26 scan technique using variable scanning rates. 
Data reduction included corrections for background, Lorentz and polarization 
effects, and an empirical absorption correction based on Y scans of reflections 
near % = 90°. Structure solving was done by using the Enraf-Nonius Structure 
Determination Package.
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APPENDICES








In situ FT-IR spectrum of rao-[Rh2(nbd)2(et,ph-P4 )]2+ in 1:1 
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In situ FT-IR spectrum of /ao[Rh2(nbd)2(et,ph-P4 )]2+ in 1:1 
dichloromethane:acetone at 90 psig tVCO and 40°C.
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In situ FT-IR spectrum of /ao[Rh2(nbd)2(et,ph-P4)]2+ in 1:1 
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In situ FT-IR spectrum of rao[Rh2(nbd)2(etIph-P4)]2+ in 1:1 
dichioromethane:acetone at 90 psig H2/CO and 70°C.
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In situ FT-IR spectrum of rao[Rh2(nbd)2(et,ph-P4)]2+ in 1:1 
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In situ FT-IR spectrum of rao[Rh2(nbd)2(et,ph-P4)]2+ in 1:1 
dichloromethaneiacetone at 90 psig H2/CO  and 90°C.
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in situ FT-IR spectrum of rac-[Rh2(nbd)2(et,ph-P4)]2+ in dichloromethane at 90 
psig H2/CO  and 25°C.
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in situ FT-IR spectrum of rao-[Rh2(nbd)2 (et,ph-P4 )]2+ in dichloromethane at 90 
psig Ha/CO and 40°C.
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In situ FT-IR spectrum of rao[Rh2(nbd)2(et,ph-P4)]2+ in dichloromethane at 90 
psig H2/CO and 55°C.
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In situ FT-IR spectrum of /ao[Rh2(nbd)2(et,ph-P4 )]2+ in dichloromethane at 90 
psig H2/CO and 85°C.
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In situ FT-IR spectrum of rao-[Rh2(nbd)2(et,ph-P4)]2+ in dichloromethane at 90 
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In situ FT-IR spectrum of rao»[Rh2(nbd)2(et,ph-P4)]2+ in dichloromethane at 90 
psig H2/CO and 90°C after soaking for 1 hour with 5 mL 1-hexene.
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In situ FT-IR spectrum of rao[Rh2(CO)4 (et,ph-P4 )]2+ in acetone at 50 psig CO 
and 25°C.
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In situ FT-IR spectrum of rao[Rh2 (CO)4(et,ph-P4 )]2+ in acetone at 100 psig CO 
and 25°C.
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In situ FT-IR spectrum of /ao*[Rh2(CO)4(et,ph-P4 )]2+ in acetone at 100 psig 
IVCO and 25°C.
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In situ FT-IR spectrum of rao[Rh2 (C0 )4(et,ph-P4 )]2+ in acetone at 100 psig CO 
and 90°C.
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In situ FT-IR spectrum of rac-[Rh2(CO)4(et,ph-P4)]2+ in acetone at 100 psig 
H2/CO and 90°C.
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A.2. In Situ NMR Spectra
A .  . . . J u J
10 5 0
In situ 500 MHz 1H NMR spectrum of of /ao-[Rh2(nbd)2(et,ph-P4)]2+ at 250 psig 
H2/C O  and 25°C in acetone-ds-
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In situ 500 MHz 1H NMR spectrum of of rao-[Rh2(nbd)2(et,ph-P4)]2+ at 250 psig 
Ha/CO and 25°C in acetone-de.
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ppm 75 70 65 60 55 50 45 40
In situ 500 MHz 31P{1H} NMR spectrum of /ao-[Rh2(nbd)2(et,ph-P4 )]2+at 250 
psig H2/CO and 25°C in acetone-de.
-103060 40SO 2 0 1 0
In situ 500 MHz 3 1P{1H} NMR spectrum of rao[Rh2 (nbd)2(et,ph-P4 )]2+ at 250 
psig H2/CO and 25°C in acetone-de.
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60.5 60.0 59.5 59.0 58.5 58.0 57.5 57.0 56.5ppm
in situ 500 MHz 31P{1H} NMR spectrum of rao-[Rh2(nbd)2(et,ph-P4)]2+ at 250 
psig H2/CO  and 25°C in acetone-de.
j J v L v - J
ppm 95 90 85 80
In situ 500 MHz 31P{1H} NMR spectrum of rao-[Rh2(nbd)2(et,ph-P4 )]2+ at 250 
psig H2/C O  and 25°C in acetone-cfe.
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77.5 72.575.0ppm
In situ 500 MHz 31P{1H} NMR spectrum of /ao-[Rh2(nbd)2(et,ph-P4)f+at 250  
psig H2/CO  and 25°C in acetone-de.
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In situ 500 MHz 1H NMR spectrum of of rao-[Rh2(CO)4(et,ph-P4)f at 250 psig 
H2/CO and 25°C in acetone-de.
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In situ 500 MHz 31P{1H} NMR spectrum of /ao[Rh2(CO)4 (et,ph-P4 )]2+ at 250 
psig Ha/CO and 25°C in acetone-de.
In situ 500 MHz 1H NMR spectrum of of rao-[Rh2 (CO)4 (et,ph-P4 ) f  at 250 psig 
HafCO and 45°C in acetone-d6.
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In situ 500 MHz 31P{1H} NMR spectrum of /ao-[Rh2(CO)4(et,ph-P4)]2+at 250 
psig H2/CO and 45°C in acetone-cfe.
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In situ 500 MHz 1H NMR spectrum of of rac-[Rh2(CO)4(et,ph-P4)]2 at 250 psig 
H2/CO  and 55°C in acetone-de.
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In situ 500 MHz ^P^H} NMR spectrum of rao-[Rh2 (CO)4 (et,ph-P4 )]2+ at 250 
psig H2/CO and 55°C in acetone-de-
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In situ 500 MHz 3 1P{1H} NMR spectrum of rac-[Rh2(CO)4(et,ph-P4 )]2+ at 250 
psig CO and 25°C in acetone-de-
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In situ 500 MHz 1H NMR spectrum of of rao[Rh2(nbd)2(et,ph-P4)]2 at 250 psig 
H2/C O  and 20°C in acetone-de.
10 N 71 N a 41 » » tt 0 -1 1
ppm
In situ 500 MHz ̂ P^H } NMR spectrum of rao-[Rh2(nbd)2(et,ph-P4)]2+ at 250 
psig Ha/CO and 20°C in acetone-de-
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In situ 500 MHz 1H NMR spectrum of of rao-[Rh2(nbd)2(et,ph-P4)]2 at 250 psig 
H2/CO and 40°C in acetone-de-
90 80 71 «0 SO 40 30 20 10 1 - 1 0
ppm
In situ 500 MHz 31P{1H} NMR spectrum of /ao-[Rh2(nbd)2(etfph-P4)]2+at 250 
psig Ha/CO and 40°C in acetone-de.
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in situ 500 MHz 1H NMR spectrum of of rac-[Rh2(nbd)2(et,ph-P4 )]2at 250 psig 
CO and 60°C in acetone-de.
90 N 71 N 9  4 9 M 10 8 - 1 1
ppm
in situ 500 MHz 3 1P{1H} NMR spectrum of /ac-[Rh2(nbd)2 (et,ph-P4)]2+ at 250 
psig CO and 60°C in acetone-cfe.
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in situ 500 MHz 1H NMR spectrum of of /ao[Rh2 (nbd)2(et,ph-P4 )]2at 250 psig 
H2/CO and -50°C in acetone-de.
21n 71 a 11a a 1aa
ppm
in situ 500 MHz 31P{1H} NMR spectrum of rao[Rh2 (nbd)2(et,ph-P4 ) f+ at 250 
psig H2/CO and -50°C in acetone-de.
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ppm -6 -8 -10 -12 -14 -16
in situ 500 MHz 1H NMR spectrum of of /■ a o [R h 2 ( n b d ) 2 ( e t ,p h - P 4 ) ] 2  at 250 psig 
CO and -30°C in acetone-de.
JillL . . .  . i .  i . .................
g o « 7 i t i 5 i « a a i t a 4 i
ppm
In situ 500 MHz 3 1P{1H} NMR spectrum of rao[Rh2(nbd)2(et,ph-P4 )]2+ at 250 
psig CO and -30°C in acetone-ds-
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In situ 500 MHz 1H NMR spectmm of of rao-[Rh2(nbd)2(et,ph-P4 )]2at 250 psig 
CO and - 1 0 °C in acetone-de.
In situ 500 MHz 3 1P{1H} NMR spectrum of /ao-[Rh2(nbd)2(et,ph-P4 )]2+ at 250 
psig CO and -10°C in acetone-de.
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-T.O-e.o -6 .5
ppm
In situ selectively decoupled 1H{3 1 P} spectra of hydride region of rac- 
[Rh2(nbd)2(et,ph-P4 )]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at -1930 Hz.
i-------- — i— i— i— .— i—  --------1--------  1------------   i ------------ 1— •--------1---------------------  -r -
ppm -142 -144 -14.6 -148 -15.0 -15-2 -154 -15.6 -15.8
In situ selectively decoupled ’Hf31?} spectra of hydride region of rao 
[Rh2(nbd)2 (etIph-P4 )]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 3 1P{1H} spectrum at -1930 Hz.
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In situ selectively decoupled 1H{31P} spectra of hydride region of rao- 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at -847 Hz.
i— ■— i— ■— i— 1— i— 1— i— ■— i— j ~—■— i— ■— i— ■— r- 
pp«n -142 -14-4 -14.6 -14* -15-0 -‘•5-2 -1 5 * -15.6 -15*
In situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at -847 Hz.
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In situ selectively decoupled 1H{31P} spectra of hydride region of rac- 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 4294 Hz.
i  ■— i — ■— i— ■— i— ■— i  ■— i— ' — t j — — ■— i— ■— i — >— |—
ppm -142 -14.4 -142 -142 -152 -152 -15.4 -152 -152
In situ selectively decoupled ’H^P} spectra of hydride region of rao
[Rh2(nbd)2(et,ph-P4)f+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H) spectrum at 4294 Hz.
c-
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In situ selectively decoupled 1H{31P} spectra of hydride region of rac- 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 4294 Hz.
-7.0-5.0 -5.5 -6.0
ppm
In situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et1ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 4340 Hz.
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In situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[RttefnbdHetph^)]2* under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 4340 Hz.
-r.o-s.o - 6-0 -s.s
ppm
In situ selectively decoupled 'lH{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the ’ ’PfH ) spectrum at 4386 Hz.
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In situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2*' under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 4386 Hz.
-r.o-5.0 -e-o
ppm
In situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 6903 Hz.
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In situ selectively decoupled 1H{31P} spectra of hydride region of rac- 
[Rh2(nbd)2(et,ph-P4)f+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the ^PfH} spectrum at 6903 Hz.
-7.0-S.O - 6.0 -6.5
PP«n
In situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2* under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 7712 Hz.
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In situ selectively decoupled 1H{31P} spectra of hydride region of rac- 
[Rh2(nbd>2{et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 7712 Hz.
ppm •4.5 -5.0 -5.5 - 6.0 -6.5
In situ selectively decoupled 1H{31P} spectra of hydride region of rac- 
[Rha(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 11,879 Hz.
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In situ selectively decoupled ’H^P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 11,879 Hz.
In situ selectively decoupled 1H{31P} spectra of hydride region of rac- 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 11,961 Hz.
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-14.6 -14^ -15.0 -102 -15.4 -15.6 -15.8
In situ selectiveiy decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nt3d)2(etfph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 11,961 Hz.
-5.0 -6.5-5.5ppm *4-5 - 6.0
In situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 12,109 Hz.
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ppm -144 -144 -144 -144 -15.0 -154 -154 -15.6 -154
in situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 12,109 Hz.
-T.O-5.0 -5.5 -5.0
ppm
in situ selectively decoupled 1H{S1P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the ^P^H} spectrum at 12,188 Hz.
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In situ selectively decoupled spectra of hydride region of rao
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 12,188 Hz.
■I 1 I ■ I I ■'■■■■ - I
-6.5 7 0
In situ selectively decoupled 1H{31P} spectra of hydride region region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of 
the species indicated in the 31P{1H} spectrum at 15,150 Hz.
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in situ selectively decoupled ’H^P} spectra of hydride region region of rao 
[Rh2(nbd)2(et,ph-P4)]̂  under 250 psig and 25°C resulting from irradiation of 
the species indicated in the 31P{1H} spectrum at 15,150 Hz.
-5.0 -5.5 -6.5- 6.0ppm "4-5
In situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 15,376 Hz.
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1M  -15.6 -1S.8
In situ selectively decoupled ’Hf̂ P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 15,376 Hz.
ppm
i "» ■ ■—■—r
-4.5 -5-0
In situ selectively decoupled ’Hf̂ P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the ^P^H} spectrum at 15,733 Hz.
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In situ selectively decoupled 1H{31P} spectra of hydride region of rao 
[Rh2(nbd)2(et,ph-P4)]2+ under 250 psig and 25°C resulting from irradiation of the 
species indicated in the 31P{1H} spectrum at 15,733 Hz.
m
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1H spectra of hydride region of rao-[Rh2(nbd)2(etIph-P4)]2+ under 280 psig 
Hs/CO at 45®C.
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ppm 80 80 40 20 O
Homonuclear 31P{1H} COSY of /ao-[Rh2(CO)4(et,ph-P4)](BF4)2 under 250 psig 
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ppm 30 20 10 O -10
Homonuclear 31P{1H} COSY of fao-[Rh2(nbd)2(et,ph-P4)](BF4)2 under 250 psig 
H2/CO at 25°C in acetone.
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X-ray structure of raoRh2(CO)s(et,ph-P4).
Table of Bond Distances in Angstroms of X ray Structure of rac-Rh2(CO)5 (et,ph- 
P4).
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Rh1 P1 2.3310(6) C7P C8P 1.393(3)
Rh1 P2 2.3182(5) C7P C12P 1.418(2)
Rh1 C1 1.915(3) C8P C9P 1.395(3)
Rh1 C2 1.932(2) C8P H8P2 0.95
Rh2 P3 2.3915(4) C9P C10P 1.391(2)
Rh2 P4 2.3421(5) C9P H9P2 0.95
Rh2 C3 1.950(2) C10P C11P 1.396(3)
Rh2 C4 1.975(2) C10P H10P2 0.95
Rh2 C5 1.937(2) C11P C12P 1.396(3)
CI1 C1d 1.776(3) C11P H11P2 0.95
CI2 C1d 1.771(3) C11 C12 1.538(2)
P1 C' 1.830(2) C11 H11a 0.95
P1 C1P 1.815(2) C11 H11b 0.95
P1 C11 1.843(2) C12 H12a 0.95
P2 C12 1.832(2) C12 H12b 0.95
P2 C21 1.827(3) C12P H12P2 0.95
P2 C23 1.812(2) C13 C14 1.529(3)
(table continued)
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P3 C‘ 1.832(2) C13 H13a 0.95
P3 C7P 1.814(2) C13 H13b 0.95
P3 C13 1.835(2) C14 H14a 0.95
P4 C14 1.822(2) C14 H14b 0.95
P4 C41 1.819(2) C21 C22 1.507(4)
P4 C43 1.820(2) C21 C22a 1.18(1)
F1 B1 1.398(3) C21 H21a 0.95
F2 B1 1.380(3) C21 H21b 0.95
F3 B1 1.403(3) C22 C22a 1.24(2)
F4 B1 1.398(2) C22 H22a 0.95
F5 B2 1.395(2) C22 H22b 0.95
F6 B2 1.380(3) C22 H22c 0.95
F7 B2 1.379(3) C23 C24 1.510(4)
F8 B2 1.391(3) C23 H23a 0.95
0 1 C1 1.120(3) C23 H23b 0.95
02 C2 1.134(2) C24 H24a 0.95
03 C4 1.125(3) C24 H24b 0.95
04 03 1.128(3) C24 H24c 0.95
05 C5 1.130(3) C41 C42 1.543(3)
C1P C2P 1.398(3) C41 H41a 0.95
C1P C6P 1.395(3) C41 H41b 0.95
C1d H1da 0.95 C42 H42a 0.95
C1d H1db 0.95 C42 H42b 0.95
C2P C3P 1.392(2) C42 H42c 0.95
C2P H2P1 0.95 C43 C44 1.540(2)
C3P C4P 1.399(3) C43 H43a 0.95
C3P H3P1 0.95 C43 H43b 0.95
C4P C5P 1.387(3) C44 H44a 0.95
C4P H4P1 0.95 C44 H44b 0.95
C5P C6P 1.392(2) C44 H44c 0.95
C5P H5P1 0.95 CI4 CI5 1.05(2)
C6P H6P1 0.95
Table of Bond Angles in Degrees of X ray structure of rac-Rh2(CO)5(et,ph-P4).
Atom 1 Atom 2 Atom 3 Anale Atom 1 Atom 2 Atom 3 Anale
P1 Rh1 P2 82.88(2) CI1 C1d CI2 109.1(2)
P1 Rh1 C1 171.61(8) Rh1 C1 01 179.6(2)
P1 Rh1 C2 96.54(7) Rh1 C2 02 173.5(2)
P2 Rh1 C1 89.00(7) C1P C2P C3P 119.7(2)
P2 Rh1 C2 166.61(7) Rh2 C3 04 173.4(2)
C1 Rh1 C2 90.86(9) C2P C3P C4P 120.0(2)
156 (table continued)
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P3 Rh2 P4 83.25(2)
P3 Rh2 C3 125.97(6)
P3 Rh2 C4 108.38(5)
P3 Rh2 C5 94.94(5)
P4 Rh2 C3 89.87(7)
P4 Rh2 C4 93.16(7)
P4 Rh2 C5 174.26(7)
C3 Rh2 C4 125.52(8)
C3 Rh2 C5 86.79(9)
C4 Rh2 C5 92.6(1)
Rh1 P1 C* 114.78(7)
Rh1 P1 C1P 118.60(7)
Rh1 P1 C11 109.78(7)
C‘ P1 C1P 106.91(9)
C* P1 C11 100.0(1)
C1P P1 C11 104.70(9)
Rh1 P2 C12 110.00(6)
Rh1 P2 C21 110.23(7)
Rh1 P2 C23 118.0(1)
C12 P2 C21 102.8(1)
C12 P2 C23 107.2(1)
C21 P2 C23 107.4(1)
Rh2 P3 C* 121.82(5)
Rh2 P3 C7P 117.51(5)
Rh2 P3 C13 106.57(6)
C‘ P3 C7P 105.07(9)
C P3 C13 98.33(9)
C7P P3 C13 104.59(9)
Rh2 P4 C14 107.60(8)
Rh2 P4 C41 116.23(6)
Rh2 P4 C43 116.08(7)
C14 P4 C41 106.15(9)
C14 P4 C43 103.63(8)
C41 P4 C43 106.0(1)
P1 C‘ P3 121.0(1)
P1 C1P C2P 121.4(1)
P1 C1P C6P 118.4(2)
C2P C1P C6P 120.1(2)
Rh2 C4 03 175.0(2)
C3P C4P C5P 120.2(2)
C4P C5P C6P 120.0(2)
Rh2 C5 05 174.1(2)
C1P C6P C5P 120.1(2)
P3 C7P C8P 121.1(1)
P3 C7P C12P 119.3(1)
C8P C7P C12P 119.5(2)
C7P C8P C9P 120.4(2)
C8P C9P C10P 119.9(2)
C9P C10P C11P 120.6(2)
C10P C11P C12P 119.8(2)
P1 C11 C12 110.5(2)
P2 C12 C11 108.2(1)
C7P C12P C11P 119.7(2)
P3 C13 C14 108.2(1)
P4 C14 C13 109.2(1)
P2 C21 C22 116.6(2)
P2 C21 C22a 125.4(8)
C22 C21 C22a 53.4(8)
C21 C22 C22a 49.8(6)
P2 C23 C24 116.7(2)
P4 C41 C42 112.9(1)
P4 C43 C44 114.9(1)
F1 B1 F2 109.9(2)
F1 B1 F3 109.2(2)
F1 B1 F4 109.3(2)
F2 B1 F3 109.7(2)
F2 B1 F4 110.1(2)
F3 B1 F4 108.5(2)
F5 B2 F6 107.6(2)
F5 B2 F7 109.5(2)
F5 B2 F8 108.2(2)
F6 B2 F7 111.2(2)
F6 B2 F8 107.8(2)
F7 B2 F8 112.3(2)
C21 C22a C22 76.7(8)
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Table of Positional Parameters and Their Estimated Standard Deviations of X- 
ray Structure of rao-Rh2(CO)s(et,ph-P4).
Atom x y z B(A2)
Rh1 0.34501(1) 0.33336(1) 0.66125(1) 0.01533(5)
Rh2 0.73869(1) 0.29427(1) 0.94633(1) 0.01154(4)
CI1 0.76762(7) 0.14845(6) 0.32954(6) 0.0366(3)
CI2 0.90862(9) 0.36340(7) 0.36982(7) 0.0490(3)
P1 0.53226(4) 0.30826(3) 0.64106(3) 0.0136(1)
P2 0.27410(5) 0.25853(4) 0.48049(4) 0.0184(2)
P3 0.55923(4) 0.18972(3) 0.78869(3) 0.0118(1)
P4 0.72727(4) 0.12894(3) 0.94350(3) 0.0137(1)
F1 0.5297(1) 0.2021(1) 0.1719(1) 0.0323(5)
F2 0.4345(1) 0.31251(9) 0.13793(9) 0.0329(5)
F3 0.3329(1) 0.1898(1) 0.1868(1) 0.0287(5)
F4 0.5093(2) 0.3320(1) 0.3048(1) 0.0285(6)
F5 0.6701(1) 0.0285(1) 0.5175(1) 0.0272(6)
F6 0.8145(2) 0.1912(1) 0.5736(1) 0.0455(8)
F7 0.8772(1) 0.0489(1) 0.5346(1) 0.0360(6)
F8 0.8175(2) 0.1090(2) 0.6791(1) 0.0434(8)
0 1 0.0903(2) 0.3611(2) 0.6544(2) 0.0404(9)
02 0.4549(2) 0.4864(1) 0.8930(1) 0.0266(6)
03 0.9872(2) 0.3345(1) 0.8910(1) 0.0324(7)
04 0.7318(2) 0.3797(1) 1.1698(1) 0.0288(7)
05 0.7338(2) 0.5111(1) 0.9647(1) 0.0251(6)
C' 0.5601(2) 0.1986(1) 0.6661(1) 0.0151(6)
C1P 0.6823(2) 0.4208(1) 0.7091(1) 0.0156(6)
C1d 0.7806(2) 0.2825(2) 0.3893(2) 0.035(1)
C1 0.1841(2) 0.3505(2) 0.6568(2) 0.0248(8)
C2 0.4181(2) 0.4261(1) 0.8086(1) 0.0211(6)
C2P 0.8002(2) 0.4078(1) 0.7167(2) 0.0192(7)
C3 0.7319(2) 0.3424(1) 1.0875(1) 0.0191(6)
C3P 0.9129(2) 0.4965(2) 0.7654(2) 0.0239(8)
C4 0.8966(2) 0.3152(1) 0.9100(2) 0.0205(7)
C4P 0.9077(2) 0.5980(2) 0.8052(2) 0.0205(7)
C5P 0.7907(2) 0.6107(1) 0.7975(1) 0.0183(6)
C5 0.7327(2) 0.4290(1) 0.9522(1) 0.0172(6)
C6P 0.6778(2) 0.5222(1) 0.7490(1) 0.0171(6)
C7P 0.4022(2) 0.1864(1) 0.7950(1) 0.0137(5)
C8P 0.3855(2) 0.2352(1) 0.8899(1) 0.0169(6)
C9P 0.2639(2) 0.2310(2) 0.8936(1) 0.0215(7)
C10P 0.1587(2) 0.1786(2) 0.8021(2) 0.0227(7)
C11P 0.1732(2) 0.1286(2) 0.7063(2) 0.0205(7)
(table continued)
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H14b 0.5761 -0.0376 0.8299 0.0223
H1da 0.7966 0.3038 0.4619 0.0462
H1db 0.703 0.2895 0.3589 0.0462
H24a -0.019 0.0708 0.2655 0.077
H24b 0.0746 0.1729 0.2707 0.0707
H24c 0.1201 0.0803 0.27 0.0707
H22a 0.2662 0.4999 0.454 0.0388
H22b 0.1617 0.4228 0.4722 0.0388
H22c 0.2966 0.486 0.5567 0.0388
H42a 0.7247 0.0025 1.1205 0.0289
H42b 0.6409 -0.045 1.004 0.0289
H42c 0.7885 -0.0131 1.0353 0.0289
H44a 1.0351 0.0982 0.9504 0.0277
H44b 1.0116 0.2032 0.997 0.0277
H44c 0.9793 0.1195 1.0406 0.0277
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A.4. Schematic of Designed IR Platform
6.50'
1 .1 0 " - £ 7
Top view of platform.
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Side views of platform.
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